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Chapter I

Introduction

This dissertation deals with the soft x ray spectroscopy of solids. Soft X-rays, as

we define them, have photon energies from 50 eV to 1000 eV. Our studies do not deal

with core to core transitions, but will be restricted to spectra generated by transitions

between a core level and the valence and conduction band states of solids. These spectra

are different from atomic and molecular spectra and contain information about the

electronic interactions that bond the atoms of a solid.

Three spectroscopes will be distinguished. Soft X-ray Absorption (SXA)

spectroscopy measures spectra generated by transitions from a core level to empty

conduction band states just above the Fermi level, and generally provides information

about the density of the lowest energy excited states of the solid. These studies are also

frequently referred to as X-ray Absorption Near Edge Spectroscopy (XANES) to contrast

them with Extended X-ray Absorption Fine Structure (EXAFS) which measures

electronic interference effects in absorption spectra that extend for several hundreds of eV

above threshold to obtain information about near neighbor separations of atoms in

crystals. Soft X-ray Emission (SXE) spectroscopy measures spectra generated by the

radiative recombination from valence band states of the solid to an empty core level, and

thus provides a measure of the electronic density of the filled valence states. The

traditional excitation source for SXE spectra has been an energetic electron beam. Soft

X-ray Fluorescence (SXF) spectra refer to SXE spectra excited by x-ray photons rather

than electrons. For excitation well above an x-ray threshold, absorption and emission



processes are decoupled so that the spectra generated are usually the same as those

produced by electrons. For excitation near threshold, the excitation and emission are

coupled in different materials by a number of physical processes that modify the spectra

and provide new types of information about the solid and its response to a core hole.

The goal of the research reported in this dissertation is to study the electronic

states of various sulfur containing compoimds using SXA, SXE and SXF spectroscopies.

A brief review of history. Since the discovery of x rays in the 1895, the

development of solid state physics has been closely tied to developments of applications

of X rays. They help each other progress. From the earliest days, the diffraction of hard

x-rays was used to determine lattice structure. Experimental work on the soft x-ray

spectroscopy of solids started in the nineteen forties [1.1-1.4]. The first conference on

soft x-ray and electronic band structure was held in 1967 [1.1]. By the nineteen sixties,

sophisticated methods of calculating the electronic state of solids, such as OPW

(Orthogonalized-Plane-Wave) and KKR (Korringa-Kohn-Rostoker) calculations, had

been devised. These calculations could be used to predict electronic density of states,

appropriately weighted by transition probabilities, for comparison with spectra measured

by various electron and photon spectroscopes. It is worth mentioning that G. D. Mahan's

many body theory has been extremely important in the theoretical explanation of soft x-

ray spectra. He predicted the threshold singularity at the Fermi level observed in simple

metals [1.5]; and more recently, the d band behavior in transition metals was successfully

explained based on his Green function theory of many particle system, which considers

the exchange and correlation of many body theory. [1.6] The latter calculations are

relevant to the discussion of transition metal sulfides in chapter VI.



From the beginning, SXE spectroscopy was severely limited by the very low

radiative yields in the soft x-ray range, and by the complexities of experimental design.

The spectra were always weak and sometimes unobservable in the presence of

Bremsstrahlung generated by the exciting electron beam. Low radiative yields in the soft

x-ray region also made e-beam excited photon sources marginal for SXA studies, and

entirely inadequate for SXF studies. Since the nineteen seventies, the continuum

spectrum of synchrotron radiation has provided a strong source for the soft x-ray region.

The early synchrotron sources, consisting of bending magnet sources and relatively

inefficient monochromators, were good for SXA studies, but were still much too weak for

most SXF studies.

In the last decade, rapid advances on a number of fronts have made the soft x-ray

spectroscopies versatile and generally applicable probes of the electronic structure of

solids. These improvements include:

1) Insertion devices such as Undulators and Wigglers have increased the available

fluxes of synchrotron sources by about two orders of magnitude, and the brightness of the

sources by three orders of magnitude or more.

2) Improved x-ray optics and monochromator designs have provided beamline

monochromators with improved throughput, resolution, and suppression of scattered light

and higher orders.

3) Great improvements have been made in the sensitivity and measuring efficiency

of emission spectrometers, primarily through the use of single photon counting area

detectors for the measurement of spectra.[1.7, 1.8]

These developments in soft x-ray spectroscopy are but a small part of the

enormous developments in many areas of sample preparation and characterization that



have revolutionized condensed matter physics and the material sciences. The ultimate

understanding of most of the exotic new materials that can now be produced depends on

knowledge of the electronic structure. In the following section, we summarize features of

SX spectroscopies that make them especially powerful tools for understanding the

electronic properties of complex materials.

The electronic states of covalently bonded, tetragonally coordinated, narrow band

gap semiconductors such as Si, Ge and GaAs have been intensively studied for nearly 40

years, both for their value as testbeds for theory and because of their practical importance

in the electronics industry. Si technology has revolutionized communication,

computation and control technologies, and the other narrow bandgap semiconductors, Ge

and GaAs and related alloys, have found specialized technological niches. In recent

years, electro-optic and energy conversion technologies have increased interest in wide

band gap II-VI semiconductor compounds such as CdS and ZnS. This dissertation is

devoted to a study of electronic properties of these and other S bearing compounds using

the techniques of soft x-ray spectroscopy.[1.9 -1.11]

The dissertation is arranged as follows: The principles of the soft x-ray

spectroscopies are discussed in Chapter II, the experimental equipment and procedures

are described in Chapter III. Experimental results for ZnS and CdS are described in

Chapter IV, and of the ZnSxSei-x alloy in chapter V. The chemical bonding of transition

metal-sulfur compounds (TM-S) are discussed in Chapter VI.



Chapter II

Principle ofSXES

There is a saying, "The sparrow may be small but it has all the vital organs, small

but complete." Let us use ZnS as our sparrow to present the major features of SXES, and

to lay the groundwork for the following chapters.

A. An Example

Fig 2.1 is a schematic diagram illustrating how crystalline ZnS is derived from the

electronic levels of Zn and S atoms. The energy levels for the atomic orbitals of Zn and S

are plotted on either side with the density of states of ZnS [2.1, 2.2], derived from band

structure calculations, plotted on the same energy scale between them. ZnS crystallizes

in the zincblende structure which has the tetragonal local symmetry characteristic of

covalent sp3 bonding. The valence bands of the compounds are formed from the 3d, 4s

and 4p orbital of Zn and the 3s and 3p orbital of S, and the overall bonding is generally

described as a combination of covalent and ionic bonding. The energy scales make

plausible, and band calculations confirm, that the lower valence band (LVB) of the

compound is derived primarily from the S 3s orbital, and may be understood qualitatively

as a broadened atomic orbital. The upper valence band (UVB), on the other hand, is

derived from strongly interacting p electrons of S and 3s and 3p electrons of Zn. It can be

understood qualitatively in terms of covalent bonding of these electrons. The gap

between the LVB and UVB provides a measure of the contribution of ionic bonding in

these solids. The Zn 3d electrons produce a narrow d-band that lies in the gap between
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the LVB and UVB, and plays a relatively minor role in the bonding of this compound.

We will see in a subsequent chapter devoted to the TM-S compounds that d-bands are

broader and contribute strongly to the bonding when they overlap the other valence levels

in energy. The Fermi energy level is located at the position of the dashed line separating

valence bands from conduction bands.

The calculated density of states (DOS) for ZnSe are illustrated in Fig 2.2 taken

from the Linear Muffin-tin-orbital (LMTO) calculation of Ref.[2.3]. Because of the

similarities in electronic band structures of ZnS (IIB-VI) and ZnSe (IIB-VI) [2.3-2.5.], the

densities of states of ZnS and ZnSe should be approximately the same. We use these

published DOSs of ZnSe to illustrate the similar distributions in ZnS in the absence of

equally detailed published information on ZnS. The total density of states (TDOS) is

shown at the top and the local partial densities of states (LPDOS) specified by element

and angular momentum symmetry are shown at the bottom. Clearly evident in these plots

are the Zn d states lying in the subband gap between LVB and UVB. The predominantly

sulfur S nature of the LVB is illustrated as well as the mixed nature of the UVB and

conduction bands.

A special power of soft x-ray spectroscopy is that it can provide information about

the LPDOSs of complex compounds, because the observed spectra are produced by

dipole transitions to atomic core levels of a particular element.
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B. SXA, SXE, SXFS and Soft X-ray Transition Rate
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Fig 2.3 Notation for x-ray transitions.

Emitted x rays involving valence band states are classified as K, Li,2,3, Mi,2,3,4,5,

Ni,2,3,4,5,... according to the final states of the transitions as shown in Fig 2.3. K spectra

are produced by transitions from electronic bands to the Is core level with n = 1. L

spectra are produced by transitions to states with n = 2; e.g. L2,3 designates transitions to

2pi/2 and 2p3/2 core levels. M's stand for transitions to levels of n = 3; e.g. M2,3 are

transitions from bands to 3pi/2 and 3p3/2 core levels. N's stands for transition to levels of

n = 4, and so on. VB/CB represents the filled valence and/or conduction bands in the

figure.

X ray emission and absorption transitions in the soft x ray spectral range obey the

dipole selection rules as follows:

An>0,Al = ±l. (1)



Here n and 1 are the atomic principle and angular momentum quantum numbers of single

electron orbital. This is based on the fact that photons have one unit of intrinsic spin.

The transition rate Wf, for a single x-ray emission is given by [2.6, 2.7]

IT, =e'Q.' (2)

assuming the decay of a core hole by a single X-ray emission channel. Here Q =2nCv is

the radiation frequency, t the dipole operator. Of and Oj are the final and initial state

wave flmctions.

The intensity of an emitted x ray for a given element (Z) and given angular

momentum orbital 1, ^ (E,p), is given by

(3)

where E is the energy of the emitted x ray, p the LPDOS consistent with the dipole

selection rules. This assumes that the transition matrix elements are constant in

transitions between selected core levels and valence states of a particular angular

momentum symmetry. For the sulfur L2,3 emission from ZnS, spectra can be produced by

transitions to the sulfur 2pi/2 (L2) and 2p3/2 (L3) core states. The dipole selection rules

require that transitions are from states of d ( A1 = -i-l) and s ( A1 = -1) symmetry in the

valence bands. Therefore, the intensity of L2 radiation would be given by two terms.

[^+1,/ ■ Pz,Ai=l ^-1,; ■ Pz,Ai=-l] (4)

The soft X ray spectroscopies are illustrated in Fig 2.4 as Soft X-ray Absorption

(SXA) is the photon-in process in which incoming photons excite a transition from a core

level to empty states in the conduction band. Soft X-ray Emission (SXE) is a photon-out

10



process in which photons are outgoing particles generated by the radiative decay of a

previously excited core hole. Soft X-ray Fluorescence is a photon-in and photon-out

process in which both incoming and outgoing particles are photons and absorption and

emission processes are considered together For photon excitation far above threshold,

and for e-beam excitation, the excitation and emission processes can be treated

independently. For excitation near an absorption threshold, the absorption and emission

process are often strongly coupled so that fluorescence is best described using an inelastic

scattering formalism.

CB

VB

X-ray
in

SXA

a/savww"^

x-ray
V  out

SXE

h

Q

CB

VB

A/s/wwvw^

SXF

Fig 2.4 Excitation of solid by photon

In SXE, electrons in the filled valence band or conduction band make radiative

transitions to fill previously excited core holes. For example, in ZnS, if the core levels

are sulfur 2pi/2 and 2p3/2 atomic levels, S-L2,3 transitions take place from valence bands to

the core levels. Only s and d components appear in the emitted soft x-ray spectra. After

11



dividing by the spectra are a measure of the (s+d) LPDOS for S in ZnS. Thus soft x

ray spectra are able to measure a chemical selected and angular momentum selected

partial density of states.

Besides the x-ray decay channel, core excited atoms may decay by Auger

processes. In fact, in the soft x-ray range below a few hundred eV, radiative processes

are very inefficient, and most atoms decay by non-radiative processes. The resulting low

radiative yields have many consequences for soft x-ray spectroscopies. Among these are:

(1) Conventional x-ray sources in the soft x-ray range are weak so that relatively little

work was done in SXE spectroscopy before the development of synchrotron sources;

(2) Emission spectra are weak, placing very great demands on the development of high

efficiency emission spectrometers;

(3) Some radiation yields are so low that the spectra are not observed (An example is the

Li spectra of sulftir, where the 2s core hole is filled by a Koster - Kronig transition from

the 2p core levels);

(4) In L2.3 spectra, the intensity of the L2 spectrum may be suppressed by non-radiative

filling of the 2pi/2 from the 2p3/2 levels, with an accompanying VB to CB excitation.

However, if the band gap exceeds the L2-L3 splitting, this electronic de-excitation process

will be suppressed.

C. Resonant Fluorescence Near Threshold

A variety of phenomena have been observed when SXF spectra are excited near

threshold, which may best be understood in terms of an inelastic scattering process in

which the exciting photon excites an electronic transition and is re-emitted at a lower

12



energy.[2.8] Though all may be described with the inelastic scattering theory, they may

be distinguished through the nature of the electronic transitions induced in the material.

Scattering theory is encompassed in a straightforward application of second order

perturbation theory in which a summation is made over a set of intermediate states

according to the expression:

do
OC z]dQ. j - E,-hv. -iT / 2

e  n m m

• b{E.+hv -E.-hv. )
/  out I in'

(5)

where the hvin and hv out are energies of incident and scattered photons respectively, i is

the initial(ground) state, j a final state of system, and m an intermediate state to be

summed over. Tm is the width of intermediate state m of the system. In the case of

inelastic process, the valence electrons are excited to the final state f that contains an

electron in a conduction band state Eg and a hole in valence state Ej,. Energy conservation

requires the energies of incident and emitter photons be related to that the electron and

hole by

hv . -hv ^ = E -Ejm  out e h (6)

Since two photons are involved, the selection rule is

AL = 0, 2 (7)

For excitation at and above threshold, depending on materials, excitations have

been observed which are localized either in momentum or real space. In covalently

bonded materials such as Si [2.9], graphite [2.10] and diamond [2.11], the electronic

13



transition is localized in momentum space( k-space), so that photoexcited electron and the

valence hole remaining in the valence band are correlated in k-space.

In other materials, strong elastic and inelastic scattering transitions occur to states

localized in real space. These states may be localized by the core-hole itself and can be

understood as core excitons. In the K spectrum of hexagonal BN, for example, a strong

exciton is derived from the n electrons directed perpendicular to the bonding plane. [2.12]

In other materials such as CaO and CaFa, excitons are from d-states at the conduction

band edge. [2.13] Similar excitonic states have also been observed in oxides such as

Ti02.[2.14] Typically, a strong resonant elastic scattering peak is observed when core

electrons are exited to the energy of this excitonic state. In addition, an inelastic peak is

observed at lower energies associated with electronic excitation from valence band states.

The final state of the inelastic scattering process is often a valence exciton in which the

excited electrons bound to a valence hole.

In these materials with localized electronic excitations, the inelastic loss processes

may still be visible at energies well below the excitation threshold. These inelastic

process are very much weaker and correspond to Electronic Raman processes. At and

above threshold, these losses evolve into electronic Resonant Raman processes.

In work reported in this dissertation, we have excited the S L2,3 spectra near

threshold in CdS, ZnS, M0S2, WS2, FeS, NiS and CaS. The effects of near edge

excitation are less prominent than in several other system studied, but show a significant

enhancement in spectra associated with the upper valence band. We have also measured

the Zn M2,3 spectra near threshold in ZnS and ZnSSe alloy and find a strong inelastic

scattering process associated with the Zn d-states.

14



D. Comparison with Other Spectroscopies

There are numerous methods of measuring properties of the electronic band

structure of solids. Most of these, other than SXE and SXF spectroscopies, measure

electron spectra excited by either photons or electrons. Ultraviolet photoemission

spectroscopy (UPS), Photon Emission Spectroscopy (PES), and Angle Resolved

Photoemission Spectroscopy (ARPES) measure the electronic spectra of photon-excited

electrons from filled valence states. UPS and PES spectroscopies provide transition rate

weighted measures of Total Density of States (TDOS) of the material. ARPES, which

measures both the angular and energy distributions of photoemitted electrons, is a

particularly powerful technique because, in favorable cases with single crystals, clean

surfaces, an conducting samples, it can map energy bands in momentum space. These

valence state spectroscopies provide information similar to that of SXE and SXF

spectroscopies, but without either the chemical or angular momentum selectivity.

Auger Emission Spectroscopy (AES) measures the excited electrons produced in

the non-radiative de-excitation of a core excited atom. The interpretation of Auger

spectra is difficult because both "up and "down" electrons originate in the valence states

of the solid, so that the spectra involves a convolution of the TDOS with itself. In

practice, it is used principally as an analytical tool to measure concentrations of elements

in complex solids. Auger spectra are nearly always excited by energetic e-beams.

Electron Spectroscopy for Chemical Analysis (ESCA) and usually X-ray

Photoemission Spectroscopy (XPS) measure electrons photoexcited from core levels, and

derive information about bonding of selected elements in complex solids from small

shifts in the core level binding energies induced by changes in the charge and chemical

state of selected atomic species.

15



Electron Energy Loss Spectroscopy (EELS), in the transmission (TEELS) or

reflection (REELS) geometry, measure the energy losses of incident electrons associated

with transitions to the empty conduction band states above the Fermi level of a solid. The

technique can provide information about the empty-state TDOS comparable to that

provided by SXA spectroscopy, but without either the chemical or angular momentum

selectivity.

All of the electron spectroscopies probe the near-surface region of sample,

because of the short attenuation lengths for low energy electrons in solids. This makes

them particularly valuable for the study of surfaces, but limits their value for studies of

bulk states, particularly where easily cleaned single crystal samples are not available.

These techniques (except for EELS) also cannot generally probe the lower energy excited

states of solids due to the surface coulomb barrier which prevents the escape of excited

electrons. Finally, electron spectroscopies are difficult for insulating samples, where

sample charging can distort the electronic spectra in an unpredictable way.

In comparison with these spectroscopies, soft x-rays have attenuation lengths in

the range of 100 to 1000 Angstroms, so that SXE, SXA and SXF spectroscopies are

essentially bulk probes that are relatively insensitive to surface contamination, and are

capable of measuring buried impurities, buries layers or other structures. In addition, the

techniques are chemically and momentum selective, so that they provide Local, Partial

Density of State (LPDOS) information that gives detailed information for comparison

with theory, and for the analysis of local bonding information. The chemical selectivity

is particularly useful in the analysis of complex solids.

SXE spectroscopy has several major drawbacks, including weak spectra and

various broadening mechanisms that limit detail in the spectra. The weak spectra are a
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consequence of low radiative yield, and is dealt with primarily through the design of

improved soft x-ray spectrometers. Some of the broadening mechanisms, such as core-

hole lifetimes and valence-hole lifetimes are also inherent in the technique and cannot

eliminated.

The use of photon excitation in SXF spectroscopy rather than e-beam excitation

improves SXE spectroscopy in several ways. It eliminates the Bremstrahlung and thus

improves detectability of weak spectra. It reduces multiple excitation that can increase

spectral broadening in some materials. It permits selective excitation of particular core-

levels that can reduce overlap in measured spectra. And perhaps most importantly, it

provides new physics associated with inelastic scattering processes observed with near

threshold excitation.

Generally, photoemission and SX spectroscopies have different and generally

complementary strengths and both are important probes of electronic properties of solids.

Table 2.1 provides a comparison of some of the spectroscopies described here.

According to the table, we see that SXF spectroscopy has several advantages,

especially the capability of measuring LPDOSs, which makes it a very powerful tool for

band structure measurements. The combination of advanced synchrotron light sources

and modem SX spectrometers largely overcome the principal disadvantage of low yields

and makes possible a new generation of band structure results.

E. Some aspects of theoretical models

This section gives a brief discussion of electronic band structure models and

strong correlation approaches used in this dissertation [2.15-2.26]
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Table 2.1 comparison of SXES with other methods. All values in units of eV.

Method incident

particle

particles

to be detected

Advantages Disadvantages

SXFS

SXES

X (20-lK) X (20-Ik) clean spectra Low yield

low background High cost

PDOS(dipole)

Good resolution

(Fine structure)

Bulk sensitive

no sample charging

e(<35k) X Bremsstrahlung

high background

Multi-Excitation

heating

low yield

Electron

Spectroscopy

(UPS, FES

XPS)

X(e) e (to tens k) High yield surface sensitive

Occupied TDOS broadening

low cost charging

surface sensitive heating

UPS X e (10-50) as Elec. Spec. as Elec. Spec.

ARPES X e E vs k as Elec. Spec.

other as PES

EELS e e as Elec. Spec,

empty state TDOS

as Elec. Spec.
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Our theoretical weapons in understanding electronic properties of these sulfur

compounds are standard band structure model calculations such as the older methods

usually described as Augmented Plane-Wave method (APW) [2.21-2.22], Linearized

Muffin Tin Orbital LMTO [2.23], Tight Binding Approximation (TEA) [2.24], and more

recent methods using the Local Density Approach (LDA) [2.25], Green's function based

on KKR method [2.26], and so on. They are very good for most of semiconductors,

insulators and alloy. But both band structure models and multiple scattering absorption

theory are valid only within the weak correlation limits.[2.15] Recent experimental

results of 3d, 4d, and 4f materials indicate strong d-d, p-d, d-f interactions can generate

spectra with atomic-like behaviors in solids. To explain these results, a strong correlation

limit approach- the Crystal Field Multiplet model (CFM) based on the charge transfer

hypothesis is introduced.[2.1, 2.15-17] This model as well as Mott-Hubbard model

works well for transition metal sulfides and oxides, especially for transition metal

elements between Mn and Ni.[2.16-2.18] A real material may be between the weak and

strong coupling limits.

The CFM theory deals with charge transfer states in solids by a simple

combination of atomic multiplet theory and crystal field theory. According to this theory,

a electron moves from a occupied state to a empty state with a charge transfer, the created

hole state is strongly coupled with the new particle state into atomic multiplet states by L-

S or J-J modes; then coupled states are transformed into the crystal group symmetry and

re-grouped. These new features are classified as bonding and non-bonding sets. For

transition metal sulfur compounds in Fig 2.5, two non-boning d bands are labeled with

T2g symmetry in valence bands, two bonding/antibonding d bands with eg symmetry
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located below/above near band gap. Since non-bonding bands are weakly interacting, the

two T2g bands are sharper and have lower energies.

Calculations derived from band structure calculations, scattering theory, crystal

field multiplet approximation and Mott-Hubbard models are used as for a comparison to

experimental spectra in present study.

I
eg

eg

T2g

T2g

S-3s

Ef

Fig 2.5 The d bands in TMS from CFM model.
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Chapter III

Experimental Equipment and Procedures

A. Experimental Arrangement of SXES

The experiments described in this dissertation were performed, before 1994, at a

soft x-ray beamline at National Synchrotron Light Source (NSLS) at the Brookhaven

National Laboratory (BNL), and since summer, 1994 at beamlines at Advanced Light

Source (ALS) at Lawrence Berkeley Laboratory (LBL), and at the Center for the

Advanced Microstructure and Devices (CAMD) synchrotron light source at Louisiana

State University (LSU).

The beamlines at NSLS and CAMD are very similar. For each of them, exciting

photons are provided by a bending magnet source and a high throughout, variable-line-

space (VLS) monochromator. The principle difference in the NSLS and CAMD setups is

that the NSLS beamline used the e-beam of the synchrotron light source as the input slit

for the monochromator, while the CAMD beamline adds a prefocusing mirror and input

slit to improve stability and resolution of the exciting light. A schematic diagram of the

NSLS beamline is show in the Fig 3.1. In this design, light from the synchrotron source

is refocused at unit magnification by a large toroidal mirror with 2° angle of incidence. A

plane, fixed, VLS grating disperses the light onto a focal plane with a fixed focal length.

The spectrum is scanned by a plane mirror which scans through the spectrum along the

exit axis of the monochromator. The principle design characteristics of the

monochromators at NLSL and CAMD are summarized in Table 3.1 and have been
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Table 3.1. Design parameters for two grating monochromators in NSLS and

CAMD. All dimensions in cm.

NSLS CAMD

Premirror no Gold-Colted-glidcop-toroid,
320 cm focal length(l.T), 2°
incident

Entrance slit no Yes

Dimension: Si to So 640 1068

Focus Mirror(Ml):

Material nickel coated, bent
cylinder toroid on
silica blank

nickel coated, bent cylinder
toroid

Blank size 7.5x30

Illuminated area 5x20

Acceptance angle 16 mrad x 2 mrad 16 mrad

Grazing angle of incidence 2° 2°

Radii of curvature Rm=9.170,Rs=11.2
Grating(G):
Material gold coated ULE

blank

gold coated plane

Ruling size 4x 10 4x 10

Nominal line density 1/dO 1000 1/mm 1000 l/mm

Grazing angle of incidence 4° 3°

Blaze angle 2° 2°

Plane scan mirror(M2):
Material nickel coated silica nickel coated fused quartz
Blank size 5 X 12.5 same

Grazing diffraction angle
scanned

2°< 0 < 9° same

Grazing angle of incidence, A 6°<A< 12° same

Flux at

100A(Photon/(S/0.2A))
3 X 10i2

Gratings 300, 600,12001/mm 300, 600, 1200 1/mm
Photon energy(eV) 50-300 100-800
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described in other publications.[3.1, 3.2] The notation of Table 3.1is keyed to elements

identified in Fig 3.2.

The monochromator delivers light to an UHV sample chamber onto a sample that

can be rotated about an axis perpendicular to the excitation and emission axes, so that the

Si-
Synchrotron

e beam

M

M

Fig 3.2 The optical setup for a spectrometer with the source at S,. These notation

are used in Table 3.1.

excitation and emission angles can be varied. In the NSLS and CAMD facilities, emitted

light was analyzed by the same grazing incidence spectrometer. All reflections and

dispersions in both the beamline monochromator and the emission spectrometer are in the

vertical plane with the exciting and emission axes separated by 30°. Since synchrotron

light is polarized in the horizontal direction, this geometry assirres that the electric field

vector remains in the plane of sample, traditionally called the s-polarization direction.

An electron gun is also mounted in the sample chamber, which can be used for

exciting SXE spectra. This gun provides exciting energies in the range of 1 -3 KeV, and
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currents of < 0.3 mA. Most of the e-gun excited spectra in this dissertation were excited

with 3 KeV electrons at beam currents below 0.1 mA.

The emission spectrometer is a Rowland Circle design which has several features

that greatly increase its measuring efficiency as compared with conventional designs. It

is fitted with four interchangeable toroidal gratings, which optimize the spectrometer for

different energy ranges. The input slit of the monochromator is located within a few mm

of the sample surface, so that the large gratings can be filled directly through the input

slit. And a photon counting area detector is used which images an extended segment of

the dispersed spectrum. The spectrometer design parameters are summarized in the Table

3.2 and have been described in other publications.[3.3] For the sulfur spectra, which are

the principle subject of this dissertation, 100 pm spectrometer slits and the 600 1/mm

grating provided an energy resolution of 0.3 eV at 150 eV energy of the sulfur spectrum.

With the 1200 1/mm grating the resolution is 0.15eV.

The ALS beamline differs significantly from those at NLSL and CAMD. The

source of light is an undulator which provides light with about SOX the intensity of the

bending magnet sources. The extra intensity and a high resolution spherical grating

monochromator makes it practical to excite spectra at high resolution. The beam energy

pass is 0.4eV at ALS, compared with 2eV at NSLS at 163ev photon energy. The ALS

beamline is equipped with a somewhat improved emission spectrometer, but is similar to

that used at the NSLS. The major difference is that the optical plane of the spectrometer

is in the horizontal plane and the sample rotation axis is vertical, so that spectra are

excited with p rather than s polarized light. The ALS beamline is shown schematically in

Fig 3.3. Its properties have been described elsewhere in detail.[ 3.4 ]
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Table 3.2 Soft X-ray spectrometer design parameters.

Type Grazing incidence, 5m Rowland circle

Features 2mm sample to input slit distance

four interchangeable gratings

area detector

Incidence angle 4°

Scanning angle 78°- 86°

Range 20-1000 eV(600-12 A)

Resolution 0.125-1.0 A

Gratings 4 cm X 10cm; Au on Si02

Radii 5m X 0.5m

Line densities 300, 600, 1200,2400 /mm

Blaze 2°

Detectors MCP with resistive sheet anode
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The photon counting area detector of each spectrometer is located tangent to the

Rowland circle.[3.5] X-ray photons are incident on a 40mm diameter microchannel

plate(MCP) over coated with MgF2 to improve the quantum efficiency and resolution. A
^  '1

stack of 5 MCPs provides about 10 amplification of initial photoelectrons. The charge

pulse from the MCPs falls on a resistive sheet detector and flows to its four comers. The

X-Y position of particle on the detector is read out according to the scheme X=(2+3-l-

4)/( 1+2+3+4) and Y=(l+2-3-4)/(l+2+3+4), where comers are counted clockwise from

the upper left. The detector provides a resolution of about 25 pm. This detector is

extremely effective for very low light signals because it has good quantum efficiency and

is a tme photon counting device. It is limited to a total count rate over the whole detector

of about 10^ cts/sec, so that it is not suitable for use with intense spectra.

B. Data Acquisition.

The photon counting area detector has been described briefly in the preceding

section. Here we describe the electronics and software used to prepare the data for

analysis. The Fig 3.4 shows the major steps in this process.

The MCP/resistive sheet detector and readout electronics are commercially

available electronics from Quantar Technology. The charge pulses from comers of the

detector are summed as noted above to produce analog pulses giving the X and Y

positions. These pulses are then processed as a gated analog signal for real time readout

to a storage oscilloscope, and as a digitized Xi, Yi signal for output to fast FIFO buffer

memory in a CAMAC crate. A Macintosh (NSLS, CAMD) or PC (ALS) computer

controls the data acquisition electronics and all detector scans via a IEEE 488 interface to

the CAMAC crate, and a DMA channel to the buffer memory. Within the computer, raw
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X ray

osci^

rate

meter

1
output

correction

ID

2D

123t

Vx, Vy

ADC

,Xi,Yi

CAMMC

IEEE 48$

\[/

Sorting

2D
16*512

ID

on line display

Av

Buffer

Computer

Fig 3.4 The data acquisition in the NSLS, BNL.
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data is accumulated in 512 (or 256) by 16 array. The 512 slices are in the X or dispersion

direction and the 16 slices in the Y or transverse direction. This array is the raw data

which is retained intact, and used for all further data manipulation and analysis.

Further analysis of the data is illustrated in Fig 3.5. The spectrum incident on the

detector has curvature due to optical aberrations in the spectrometer as shown in the top

illustration. By shifting the 16 slices slightly, this curvature is removed. For real time

monitoring, the 16 slices, or a selected subset, are then summed to produce a ID

spectrum. For more precise analysis, each bin is multiplied by a transition factor which

compensates for non-uniformities in the detector response. The transmission factor file is

determined in a separate experiment. The 16 slices are then summed to produce ID

spectrum used for further analysis.

2D matrix ( curves)

corr. by curve

M/
2D line computer

detector response

\/ energy calibration
ID one section ^

\^f link

ID spectrum

Fig 3.5 Corrections of spectra.
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If the spectrum covers a wider energy range than can be acquired in a single 2D

frame, the detector is moved along the Rowland circle and several overlapping ID frames

are acquired. These overlapping ID spectral segments are then joined smoothly. If this

operation can be carried out successfully, it is taken as evidence that the background

subtraction and transmission corrections are satisfactory. Usually the very ends of the

spectral segments have uncontrolled aberrations and are discarded from the data.

Calibration of spectrometer in the energy range of present experiments are based

on the Fermi edge of emission spectra of metal A1 (72.5eV), and on the exciton peaks in

BN(188eV).

C. Sample preparation.

The CdS sample is a bulk crystal with the Wurtzite structure grown by molecular

beam epitaxy (MBE). The cubic ZnS thin film samples with (001) and (111) orientations

and thickness of 5200 A and 2100 A respectively and the ZnSxSei-x sample were grown

at ORNL as epitaxial films on GaAs (001) substrates by pulse-laser ablation of

semiconductor alloys.[3.6] CdS samples were freshly cleaved just prior to inserting into

the sample chamber. All other samples were etched in dilute H2SO4/H2O immediately

before loading to remove oxide layers and contaminants.

The powder samples, M0S2 (99%, Hexagonal), WS2 (99.8%, Hexagonal), a-SnS

(99.5%, Orthorhombic), NiS(99.995%, Hexagonal) and FeS(99.9%, Hexagonal) were

pressed into pills by applying a pressure of a few tons. These samples have a smooth,

shining surface. Commercial single crystal GaS (99.999%, Hexagonal) was used directly

due to its the natural shiny surface. C and O contamination were found in the FeS

samples. CaS and MgS are powder samples.
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Samples were loaded in the experimental vacuum chamber, which was typically

operated in the range of (5-9) x 10 ̂ Torr for e-beam excitation experiments, and in the

range of (1-5) x 10"^ Torr for experiments using synchrotron beam.
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Chapter IV

CdS and ZnS

As the first step, CdS and ZnS were studied due to the availability of good

theoretical studies. The sulfur L2,3 soft x-ray emission spectra of wurtzite CdS and cubic

ZnS and the zinc M2,3 spectra of ZnS were measured using both e-beam and photon

excitation, and analyzed to determine the S and Zn (s+d)-Local Partial Density of States

in these materials. Broad features of the La,3 spectra, derived from the sulfur s-orbital, are

typical of materials with mixed ionic-covalent character. Narrow peaks associated with

overlap of the Zn-3d and Cd-4d orbital onto the S site are used to precisely locate these

bands with respect to other band structure features. Band gaps and valence hole life time

broadening were determined. These data are also used to determine spin orbit splitting

and to separate overlapping S L2 and L3 spectra. Using photon energies near threshold,

structural features in the sulfur L2,3 spectra show only small changes in intensity with

photon energy. For Zn spectra, however, excitation near threshold produces

ver>' striking spectral features that indicate strong contributions from inelastic

scattering processes.

A. Semiconductor CdS and ZnS

The II-VI sulfur compoimds CdS and ZnS and related semiconductor alloys have

important applications in modem science and technology. For example, light emitting

diodes utilizing ZnSxSel-x provide intense light ranging from blue to violet which may

be tuned by varying the direct band gap by controlling the S concentration [4.1, 4.2]. The
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electronic properties of CdS have attracted attention by its application in solar cells [4.3,

4.4], The design of such electronic devices is based on a detailed knowledge of electronic

band structure. In addition, the zincblende structure of ZnS and wurtzite structure of CdS

are relatively simple and well characterized so that these materials are good candidates

for theoretical model development in solid state physics. Some theoretical calculations of

ZnS [4.5-4.15] and CdS [4.16-4.21] have been reported. Some experiment results on

density of states, mostly determined from photoemission measurement, have been

reported for CdS [4.22- 4.29] and ZnS [4.22,4.25,4.26,4.29].

The electronic properties of IIB-VI compounds with IIB elements Zn, Cd, and Hg

and VI elements S, Se, and Te are still not completely understood. It is now established

experimentally that the d-bands, derived from the IIB elements, lie in the sub-band gap

between the lower valence band derived from the s-orbital of the group VI elements and

the upper valence band derived from the p-states of the group VI elements and the s states

of the IIB elements. The locations of these bands within the gap disagree with

the best available calculations, however.

The problem may be traced to the difficulty of treating de-localized s-p electrons

and localized d electrons in the same calculation. Older calculations, using OPW and

KKR methods, are well adapted for treating s-p bands, but usually ignored the d bands

altogether, treating them as part of a frozen core. More current calculations use

psudopotential plane wave and linearized augmented plane wave methods and the local

density approximation (LDA). These calculations, in common with most LDA

calculations, underestimate the measured band gaps between valence band and empty

conduction band states. They also locate the d bands higher in the sub-band gap than is

observed in photoemission. The latest GW calculation on CdS has improved band gap
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essentially. But the d location is still about 15-20% higher than experimental

results.[4.21] Some authors argue that this discrepancy between theory and experiment

results from the fact that the photoemission process leaves a hole in the d bands which

increases the apparent binding of the d-electrons. In any case, band gaps, sub-band gaps,

band widths and the precise locations of 3d (ZnS) and 4d(CdS) bands are important

parameters for comparing experiment with theory, and no current calculations give good

agreement with all of these parameters.

Some experimental data providing electronic density of states information is

available for ZnS and CdS. Data are available from UV photoemission spectroscopy

(PES) [4.25, 4.26], angle-resolved photoemission spectroscopy (ARPES) [4.4, 4.24] and

x-ray photo-emission spectroscopy (XPS) [4.8, 4.25, 4.30]. In photoemission, the 3d

(Zn) and 4d (Cd) electron spectra are very intense and dominate the weak s emission.

This fact, in combination with problems of sample charging, limits resolution for both the

d band and s-p band spectra and makes it difficult to precisely determine band widths and

separations. A few soft x-ray absorption and emission results [4.22, 4.23, 4.28] have

been reported for ZnS and CdS. Good quality K and L spectra were reported for CdS, but

an accurate interpretation of the spectra was not given. Soft X-ray Emission

Spectroscopy (SXES), when combined with synchrotron radiation excitation, has many

advantages for band structure measurement and provides a powerful tool for the study of

the electronic density of state.

Recent publications [4.31-4.34] show that the energy position of valence band

SXE spectra may shift and the relative magnitude of spectral features may change when

spectra are excited by photons with energies near threshold. In Si and Graphite, changes

in spectral shape are observed which are attributed to k-conservation between the
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photoelectron generated in the excitation process and the valence hole remaining after the
o

coupled emission process.[4.33, 4.34] In BN, photon excitation of a core electron into a

core exciton state, rather than the conduction band, results in both energy shifts and

changes in spectral shape [4.31]. In this chapter, we report S L2,3 SXE spectra excited

near threshold for both CdS and ZnS, but find much smaller effects than have been seen

with some other materials. It was possible, however, to use excitation between the L2,

and L3 thresholds to obtain a clean L3 spectra of S in both CdS and ZnS.

In the remainder of this chapter a brief description of experimental procedures is

given in part B, results with some explanations are reported in part C, and are discussed

and compared with other work in part D.

B. Experimental Procedures

The SXES equipment at NSLS's is shown in Fig 3.1 of above chapter III.[4.35-

4.37] The spectrometer input slit was about 100 pm. Two gratings with groove densities

of 600 1/mm and 1200 1/mm were used. With this slit width, the energy resolution of the

spectrometer is about 0.3 eV for the 600 1/mm grating and 0.15 eV for 1200 1/mm grating

at the 150 eV energy of the sulfur spectrum.

Most of the SXE spectra reported here were measured on beam line UlOA of the

National Synchrotron Light Source at Brookhaven National Laboratory (NSLS). Some

of these spectra have been remeasured at the CAMD with the essentially the same results.

Near threshold spectra have also been measured at the Advanced Light Source (ALS)

with substantial improvement in resolution of the exciting x-rays. These beamlines have

been described in chapter III and in publications [4.38,4.39]. The sample ZnSo.sSeo.s was

provided by ORNL [4.40].
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Both e-beam bombardment and photon excitation were used in our experiments.

Electrons with energies of 1 to 3 KeV and beam currents of < 0.05 mA were used.

Photon excitation was accomplished with photon energies of 140-180 eV and an energy

resolution of 0.4 eV at ALS and about 2eV at NSLS.

During measurements with e-beam excitation, pressures were <5x10"^ Torr and

with photon excitation, <1x10"^ Torr. The excitation region with e-beam excitation was

a spot of < 0.2 mm diameter, and with photon excitation a rectangle with dimensions of

approximately 0.2 mm x 1.0 mm. Visible luminescence from the samples greatly

simplified proper alignment of the electron or photon excitation beam.

Several different experiments were performed. Using 3 KeV e-beam excitation,

the S L2,3 and the Zn M2,3 spectra of CdS, ZnS, ZnS.51Se.49 and ZnSe were measured.

Measurements were also performed on CdS and ZnS with 1.5 KeV excitation to check for

the effects of self absorption on the emission spectra. No significant differences in the

spectra were observed. The sulfur spectra were also measured with 174 eV photon

excitation, an energy well above the sulfur L2,3 threshold in order to compare spectra

excited by electrons and photons. Finally, for ZnS and CdS, spectra were excited for a

range of energies near threshold in order to look for modifications of the spectra with near

threshold excitation. The fact that spectra did not change with e-beam excitation energy

between 1 and 3 KeV is taken as evidence that the spectra are characteristic of the bulk.

For the threshold studies, spectra are normalized to the incident flux taken to be

equal to the beam current (lb) times the exposiue time (At). We also obtain some

relatively crude data on the absorption near threshold by plotting the total fluorescent

yield determined as

Y(E) = Spectral area / (lb x At).
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as a function of photon energy E. lb was taken from direct beam value at NSLS and

CAMD, and from lo, the current monitor in the incident light path of ALS as shown in

Fig 3.2. These measurements determined the absorption threshold with sufficient

accuracy to permit us to determine the band gap near threshold.

C. Results

We first present data obtained for the sulfur L2,3 spectra. Fig 4.1 depicts these

spectra for ZnS (001) and CdS (wurtzite) with 3 KeV e-beam excitation at NSLS. The

spectra of CdS and ZnS are very similar, but with some difference in detail. Three

spectral features are present which can be identified with large scale valence band

features. The largest peaks at the lowest energy position, which peak at 148.7 eV for

ZnS, 148.6 eV for CdS, are derived from the sulfur s-orbital. Measurements on a variety

of sulfur compounds reported in subsequent chapters also show a strong peak at nearly

the same energy position. A relatively weak shoulder or peak located at the top of the

spectra at about 156 eV for ZnS and 157 eV for CdS is located at the position of the

primarily p-orbital at the top to the valence band. Its presence in the spectra is evidence

of the covalent bonding which contributes to the stabilization of the tetrahedral

coordinated wurtzite and zincblende structures.

The most interesting feature is the narrow peak located at 151.4 eV in CdS and at

152.1 eV in ZnS. We believe that these peaks are derived from the Zn 3d and Cd 4d

orbital that overlap onto the sulfur site. Theoretical calculations agree that in these

compounds, the d-states form a narrow band lying in valence band sub-band gap

associated with the ionic potential of these II-VI compounds [4.8]. The location of this d-

band lying in the gap between the two valence bands has also been confirmed from
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photoemission measurements for ZnS, CdS and HgS [4.29]. Data from this study is

included in Table 4.1 which is described further below.

A low energy satellite is observed about 9 eV below the sulfur s-band. It probably

results from a "shakeup" process in which a valence band to conduction band electronic

transition reduces the energy of the radiated photon

The upper edge of valence band (VBM) is determined as shown in the insert of

Fig 4. 1 from the crossing point of the extrapolated spectral edge and the base line. This

value of the VBM is properly associated with the L2 edge which lies above the La edge by

the value of the spin-orbit splitting of the sulfur 2p core levels. A correction for this

splitting must be made before comparisons with theoretical densities of states are made.

Figs 4.2a and 4.2b exhibit sulfur L2,3 spectra from CdS and ZnS excited by

electrons at NSLS (solid line) and photons at ALS (dashed line). The most notable

feature is that the photon excited spectra are greatly sharpened with respect to the e-beam

spectra. In the photon excited spectra, the doubling of the sulfur s-bands and Cd(Zn) d-

bands due to the spin-orbit split core levels are clearly resolved. Both the 1:2 intensity

ratio of spin-orbit split d bands and their separation of about 1.1 eV are consistent with

the spin-orbit splitting of sulfur 2p core level. The observed spectra can be interpreted in

a straightforward manner as the superposition of an L3 spectrum and an L2 spectrum of

half the intensity displaced to higher energy by 1.15 eV. Another surprising thing in the

ZnS spectra is that the photon excited spectra are much more asymmetric than the e-beam

spectra for the valence s bands. All these spectra are lined up with sharp d bands. The

energy positions of various features of these CdS and ZnS sulfur L spectra taken from

Figs 4.1 and 4.2 are summarized in Table 4. 1.
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Table 4.1 Energy positions of major features in the L2,3 SXE spectra of ZnS and CdS.

All in units of eV.

ZnS L2,3(EB) Ref.[4.29](EB) Ref.[4.23] L2,3(N SLS,photon) L3( ALS)

LVB peak 148.7 148.4 148.8 148.5

dl 152.1 152.0 152.2 152.2,(151)*

d2 153.2 153.1 153.3

UVB peaks 156.5 157.8 156.3, 158 155.8, 157.7

VBM 161.5 161.5 160.6 160.6

CBM 164.25(abs.)

CdS

LVB peak 148.6 148.4 148.1 148.4 148.5

dl 151.4 151.0 151.1 151.3 150.5, 151.6

d2 152.6 152.2 152.2 152.5

UVB peaks 157 156.7 156.4 156.7, 158.8

VBM 161.5 162 160.3 160.5

CBM 162.95(abs)

Key to abbreviation in Tables: abs - from absorption data; EB-e-beam excitation; Photon - photon excitation; L3(ALS)

- measured with photon energy low than L2 threshold at ALS; LVB - lower valence band; UVB - upper valence band;

VBM - valence band maximum; CBM - conduction band minimum. ♦ Estimated from ZnS spectra.
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The L3 spectra can be obtained from a deconvolution of L2,3 spectra using an

L2/L3 intensity ratio of 1/2 and a spin-orbit splitting of 1.15 eV. It is more accurate,

however, to use the improved intensity and resolution of the ALS beamline to tune

between the L2 and L3 thresholds in order to excite the L3 spectrum alone. Spectra

obtained in this way are shown for CdS in Fig 4.3 and ZnS in Fig 4.4. Other near

threshold excitation spectra are presented in later paragraphs. These spectra are divided

by E , a factor which in the optical transition matrix elements, to make them more

directly comparable with calculated densities of states.

The L3 spectra show several important features that are obscured in the L2 3

spectra. Both the upper and lower edges of the valence band(UVB) and its broad

structural features are resolved. The detection of the L2 spectrum from the upper edge of

the lower valence band(LVB) derived from the Cd and Zn d-states, and allows a more

precise determination of the density of states and width of these bands. The remarkable

improvement in resolution observed with photon excitation as compared with electron

excitation is discussed further in section IV D.

In Fig 4.5a, we display zinc M2,3 electron excited spectra for ZnS and

ZnSo.5iSeo.49 taken with e-beam excitation at NSLS. The spectra are normalized to the

peak at 74.1 eV. This strong band peaking at 74.1 eV, which decreases in relative

magnitude with decreasing S concentration, is the second order sulfur L2,3 spectrum. The

wider features at 78.5eV and 81.2 eV, which have a separation of 2.7 eV and the intensity

ratio of 2; 1, are double d bands from zinc 3p core level spin-orbit splitting. The peaks
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correspond to transitions from the d bands to the 3p3/2 (Ms spectrum) and 3pi/2 (M2

spectrum) core levels respectively. The structure extending to about 90 eV is derived

from the upper valence band. The peak at 93 eV is probably a third order carbon K

spectrum associated with carbon contamination of the sample.

In Fig 4.5b, two methods have been used to obtain measures of the zinc M2,3

spectra. In one, the first order sulfur spectrum L2,3 of ZnS is halved in energy,

normalized to the peak at 74.1 eV, and subtracted from the ZnS spectrum in Fig 4.5a. In

the other, the ZnS spectrum in Fig 4.5a was subtracted from the ZnS.51Se.49 spectrum. In

both cases, the broad M2 and M3 spectra are resolved. Compared with d bands visible as

overlap spectra in the sulfur L2.3 spectra, these bands are much broader. The main

contribution to this extra broadening is the M2,3 core-level lifetime broadening of about

2.0 eV [4.41]. From these spectra we estimate the d-band separation from the VBM to be

8.8 eV. Values derived from the sulfur L2,3 spectra are 8.3 eV with photon excited

spectra and 8.2 eV from e beam excitation after subtraction of the spin-orbit splitting. In

Table 4.2. band structure parameters derived from the zinc M-spectra are presented.

Table 4.2 Energy positions of spectral feature in Zinc M2,3 spectra of ZnS. All in units

ofeV.

M2,3 (alloy, EB) M2,3(127eV, ZnS)

dl 78.5 78.5

d2 81.2 81.3

peaks at UVB 86.6, 88.9

VBM 89.9

Key to abbreviation in Table: alloy, EB- data from ZnSo.51Seo.49 with e-beam

excitation. 127eV, ZnS- data from photon excitation with energy of 127 eV.
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The emission spectra of ZnS and CdS were measured near threshold with photon

excitation at NSLS and re-measured at ALS to gain better resolution. Fig 4.6 presents the

results for ZnS and Fig 4. 7 for CdS.

Fig 4.6a, taken with an excitation band width of approximately 2 eV at NSLS,

shows general features in photon excitation. These spectra are normalized to the

integrated excitation flux determined by multiplying beam current by excitation time.

Two separated groups of spectra are seen clearly. The narrow high energy peaks are

produced by reflection of the incident beam. The lower energy spectra, which remain

approximate fixed in energy are the fluorescence spectra. In Fig 4.6b, the energy shift of

the peak of the s band near threshold is shown as well as excitations for whole valence

band and d band in CdS derived from Fig 4.6a. The curve marked with VB is a plot of

the integrated intensity of the emission spectrum as a function of the excitation energy

and thus provides a relatively low resolution plot of absorption at the L edge derived from

emission spectra. Fig 4.7b is an absorption curve of CdS measured at ALS by

electronically integrating the total fluorescence yield between 145eV and 160eV as the

incident energy is scanned, and thus is a higher resolution version of absorption curve

presented for ZnS. These absorption curves determine the core-level to conduction band

spacing, and when combined with emission spectra, are also useful for the determination

of band gaps. In Fig 4.6c and 4.7c, threshold spectra of ZnS and CdS obtained with

higher resolution at ALS are presented.

It is also possible to obtain a measure of the position of the absorption threshold

by monitoring the sample current produced by photoemission as a function of excitation

energy. The photoemission current increases at threshold due to the opening of new

Auger de-excitation channels. Thresholds derived from such measurements are in good
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agreement with those derived from the x-ray yields. Two papers reported absorption

experiments at the L2,3 for cubic ZnS [4.22] and CdS [4.22, 4.23]. The onset of

absorption and lowest absorption peak that we observe at about 164 eV are consistent

with these published results.

Two principal qualitative modifications are observed for near-threshold excitation

of spectra. Separated thresholds are visible for the Ls and L2 spectra. The higher energy

L2 spectrum is only observed with excitation above about 165 eV for ZnS and CdS. The

second qualitative feature is that for excitation within about 2 eV of its threshold, there is

an enhancement of the L2 spectrum relative to the Ls spectrum about its statistical ratio.

This is believed to be evidence that the local core levels 2pi/2 and 2p3/2 open at different

excitation energy and contribute to the threshold effect very near threshold.

A measure of the energy band gap is provided by the energy difference between

the top edge of the valence band from emission spectrum and the bottom of the

conduction band from the absorption spectrum. The emission spectrum is not affected by

the energy resolution of incident photons. At the valence band maximum, the principal

broadening processes are the core-hole broadening and instrumental resolution. The best

estimate of VBM is from the L3 spectrum excited by photon at threshold. The width of

the absorption edge, as measured by the 10% to 90% points on the edge, is consistent

with the assumption that the absorption edge broadening is dominated by the 2 eV width

of the exciting radiation. Hence the energy of the conduction band edge is taken at the

inflection point of the absorption spectrum. Fig 4.8 shows the derived band gaps of ZnS

and CdS. In order to eliminate the influence of spin splitting on the band gap

determinations, spectra excited with photons between the L3 and L2 edges were used to
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determine the band gaps. This value is consistent with values of the VBM derived from

other spectra and listed in Table 4.1. The band gaps are determined in this way to be 2.72

eV for CdS and 3.53 eV for ZnS at ALS, and 2.62eV for CdS and 3.61eV for ZnS at

NSLS.

D. Discussion

Our results are consistent with previous measurements providing density of states

information for CdS and ZnS. Comparison may be made with the e-beam excited sulfur

K and L2 3 spectra of CdS. [4.22, 4.23] The measured L spectrum is in good agreement

with our results (see Table 4.1), except for minor differences in the absolute energies

assigned to spectral features, which result from different spectrometer calibrations. The L

and K spectra can be compared by aligning the spectra at the valence band maximum as

shown in Fig 4.9. The major peak in the K-spectrum, which provides a measure of the p-

PDOS, overlaps the weak upper valence band identified in our data, but no structure is

present at the position of the lower valence band. A similar comparison can also be made

with XPS data for both ZnS and CdS.[4.25] These spectra are dominated by the Zn 3d

and Cd 4d spectra, but also clearly resolve the upper valence band. L and K SXE spectra

and the XPS spectrum of CdS are compared in Fig 4.9.

In Table 4.3, the locations of spectral features observed with various

spectroscopies are compared. Energies are referenced to the valence band maximum,

which is difficult to ascertain exactly, so that the accuracy of listed values is limited to

about 0.1 eV. Differences in spectral features, such as the determination of the spin-orbit

splitting of the sulfur p levels, may be determined with much greater accuracy.

The results from all measurements are consistent with the general picture that the
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Table 4.3 Comparison of energy positions of major spectral features in various

spectroscopes.

CdS L2 3(ours) XPS UPS Theory

VBM-UVB I -2.13 -3.0[4.8,4.25] -1.3[4.19]

VBM-UVB2 -4.16 -5.3[4.8,4.25] -3.5[4.19] -3.29[4.16,4.17]

VBM-dl -8.05

VBM-d2 -9.2

-10.38

-9.64(15) -10.0(4),-9.2(2)

[4.16,4.17]

-6.73[4.19] .8114.211

AE(dl-d2) 1.15 1.14(10)[4.27] 1.15[4.19]

VBM-LVBl -12.36 -12.5[4.16] -12.5[4.19] -11.69[4.16,4.17]

LVBl-d 3.72 5.4[4.19] 4.8(4.16,4.17]

Egap 2.72 2.56(8) 2.55[4,16,4.17] 2.00[4.19] 2.45'"^''

ZnS

VBM-UVB 1 -1.83,-2.90 -2.4[4.8,4.25] -1.9[4.11] -1.96[4.15].-2.3 [4.8]

VBM-UVB2 -4.67 -4,7[4.8,4.25] -4.6[4.11] ^.6[4.15],-4.8[4.8]

VBM-dl -7.27

VBM-d2 -8.37 -9.03(15)[4.8,25] -6.63[4.11] -6.84[4.15],-7.4 [4.8]

AE(dl-d2) 1.18 1.04(10)[4.27]

VBM-LVBl -12.32 -12.4[4.8,4.25] -12.5[4.11] -12.85[4.15],12.4[4.8]

LVBl-d 4.50 3.3[4.8,4.25] 5.9[4.11] 6.0[4.15]

E gap 3.53 3.6,3.8[4.8,4.25] 1.84[4.11] 2.74[4.15]

Key to abbreviation: All definitions are energy difference between two band points, e.g.
VBM-UVB1 is the energy difference between upper valence band 1 and maximum of

valence band; LVBl-d - average energy difference from d bands to s band (LVBl);

Others are in Table 1.
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lower valence band is s-like and derived almost entirely from the sulfur 3 s orbital. The

upper valence band is derived primarily from the Cd(Zn) s-states and the sulfur p-states

with the small admixture of sulfur s-states that is characteristic of materials with partially

covalent bonding. The Zn(Cd) d-states, which dominate the XPS spectra and the Zn M2,3

spectra of Fig 4.5, appear in the sulfur K-spectra as weak crossover transitions. To

facilitate comparisons with theory, experimental energy separations of spectral features

derived from the various spectroscopes are compared in Table 4.3. These include

measures of the spin-orbit splitting of the sulfur L core levels, the energy separations

between the valence band maximum and peaks identified in the upper and lower valence

bands and the Zn(Cd) d-bands, and energy separations between d-band and valence band

features. These energy separations were taken from the Ls spectrum of Fig 4.3 and Fig

4.4 except that energy differences with the valence band maximum were reduced by 1.15

eV to correct for the convolution of L2 and L3 spectra.

In Table 4.3, the energy separations are also compared with theoretical

calculations. The agreement is generally satisfactory, with the exception that calculations

systematically place the d-bands too close to the upper valence band, and the measured

valence to conduction band gap is larger with all experimental spectroscopies than

indicated by LDA calculations. The best agreement is found with the GW [4.21], MOPW

calculations which include effects of exchange and correlation [4.10]. The widths of the

d-bands and their positions with respect to the UVB are in good agreement with the

photoemission data. The d bands in L3 spectra are about 2eV wide and clearly show two

components in Fig 4.4, Fig 4.6 and 4.7. Calculated one-electron d band is only about leV

wide and does not show the doublet character. This doublet is also observed in the

photonemission data and was allocated by Ley et. al to the combined effect of spin -orbit
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interaction and crystal field interactions. The photoemission results indicates a splitting

of about 0.8eV for CdS compared with our value l.leV. We observed an unresolved

splitting of 0.5eV in ZnS.

The best theoretical result for CdS, so far, is the quasiparticle band structure GW

calculation in which d electrons are treated as valence electrons and the d-p interactions

are considered. [4.21]

An important featme of the spectra are the narrow overlap peaks from the Cd and

Zn d-bands. The magnitude of these peaks in the sulfur L-spectra provide a measure of

the overlap of the d-states onto the sulfur 2p cores. An experimental measure of the

relative overlap is provided by the relative magnitude of these peaks normalized to the

sulfur 3s peak at 148 eV. Normalization to the sulfur 3s peak compensates for most of

the experimental factors affecting this comparison. The experimental value of this ratio is

I(Zn-3d)/I(Cd-4d) = 0.39.

The decay of a core hole in a single x-ray emission channel [4.41] is by

where Q=2ncv is the radiation frequency; t, the dipole operator; (|)f and (|)i, the final and

initial state wave functions. Assuming that the dipole matrix elements are approximately

equal for these two very similar systems, we obtained a calculated estimate of this ratio

by calculating the two-center overlap integral between the Cd(Zn)-4d(3d) orbital and the

sulfur 2p states calculated using atomic orbital [4.42] and the Cd(Zn)-S spacing of the

two materials [4.43]. This calculation yields a ratio of 0.74 or nearly twice the

experimental value. The large difference between the experimental value and the

theoretical result suggests that a more thorough theoretical treatment would be of interest.
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In Figures 4.2a and 4.2b, it is obvious that the d band overlap peaks and other

spectrure fetures in photon excited spectra are sharper than those excited by an energetic

e-beam. This sharpening of the spectra is most prominent for the d-band overlap peaks,

but is also present for the sulfur 3 s peak. This sharpening is not typical of the L-spectra

we have observed in other light elements and light element compounds, where no

difference is usually seen between e-beam excited spectra and spectra excited by photons

at energies well above threshold. Such broadening is observed, however, in the L spectra

of transition metals such as Fe and Cu, and is attributed to excitation of spectator holes in

the d-bands of these metals and their compounds.[4.44] We believe that spectator holes

in the Cd and Zn d-bands may be responsible for the excess broadening observed in the

electron excited spectra.

The weak low energy satellite centered at 139 eV is interpreted as an inelastic

"shakeup" de-excitation process in which the energy of the emitted x-ray is reduced by

the energy required to excite a one electron from the valence to conduction bands. These

weak inelastic peaks have been observed in many systems and have been carefully

studied by Schnatterly et al for Si. [4.45]

An important source of broadening in emission spectra is the lifetime broadening

of the valence hole that remains after radiative recombination. Near the valence band

maximum(VBM) in materials with a band gap, only electron-phonon scattering affects

the valence-hole lifetime so that core-hole broadening is the factor limiting spectral

resolution. For energies more than about two gap widths below the VBM, electron-

electron scattering provides the major broadening mechanism for the observed spectra. It

is possible to obtain an estimate of this e-e scattering lifetime by measuring the width of

features in the emission spectra. We have obtained an estimate of this broadening by
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fitting a Gaussian function to the upper edge of the S 3s peak in Fig 4.9. A fit to the

lower edge of the peak is not useful due to the presence of the inelastically scattered

photons described in the previous paragraph. The instrument broadening in this range is

small (0.15 eV). The FWHM \vidths attributable to lifetime broadening are about 2.0 and

2.2 eV respectively for CdS and ZnS. This translates to lifetimes of about 3 xl0-i6 sec

for the valence holes deep in the band.
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Fig 4.10 Gaussian fit to right side of Ls s-band of CdS to determine hole lifetime.
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E. Inelastic Scattering near threshold in the Zn M23 Spectrum of ZnSSe

In this section, we present Zn M2^3 spectra of ZnS and ZnSSe spectra excited near

threshold which show strong inelastic scattering effects, and which can be explained

using a simple model and an inelastic scattering theory based on second order

perturbation theory.

For the sulphur L2,3 spectra which were the principal focus of the previous

sections of this chapter, the use of photon excitation near threshold had value for

sharpening the observed spectra and for separating the L2 and L3 spectra, but there is little

evidence of the contribution of the one step inelastic scattering processes that have been

oberved near threshold in many other materials. Consequently our analysis was devoted

primarily to a discussion of the traditional density of states information that can be

obtained from SXE spectroscopy.

The case is very different for the near threshold excitation of the Zn M2 3 spectra

of ZnS and ZnSSe, which show dramatic inelastic scattering effects, whose principal

features can be understood with the simple inelastic scattering theory presented in

Chapter II. The data presented in this chapter are for the most part taken with the ZnSSe

sample, for which the most complete data set is available, but essentially the same

features are observed for Zn spectra of ZnS.

In Figure 4.11, photon exicted M2,3 spectrum of ZnS is plotted along with the e-

beam exited spectrum presented previously in Figure 4.5. The spectra excited with 132

eV and 148 eV photons are excited well above threshold, have the properties of ordinary

SXE spectra, and are dominated by the strongly broadened transitions from the Zn 3d

levels in the valence bands to the spin-orbit split Zn 3p core levels. The spectrum excited
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with 100 eV photons shows some variation of the intensity ratio of the M2 and M3 peak

heights that are sometimes characteristic of inelastic scattering effects.

These effects are much more dramatically illustrated, however, by the Zn M

spectra of ZnSSe presented in Figure 4.12. In this figure, the elastic and inelastic peaks

for excitation are shown on the same energy scale, for near threshold excitation between

89 and 98 eV and for several energies well above threshold. The spectra excited well

above threshold are similar to those presented above for ZnS and have the properties of

normal fluorescence spectra, in which the excitation and de-excitation processes are

decoupled.

The fluorescence spectra exicted at photon energies between 89 and about 96 eV,

however, show dramatic evidence of the one-step inelastic scattering process. As the

photon energy is increased within this range, a strong inelastic scattering peak about 2 eV

wide moves through the normal fluorescence spectrum. Several features of this peak are

noteworthy. First, within experimental resolutions and accuracy, it exactly tracks the

elastic peak at about 12.4 eV lower energy, as is evident from Table 4.4, which lists the

positions of the peaks taken from the experimental spectra. Second, the peak is much

narrow er than the normal fluorescence spectrum; its overall width of 2 eV is comparable

to that observed for the d-band overlap peak in the sulfur L3 spectrum. And third, its

relative intensity as it moves through the normal fluorescence spectrum is approximately

proportional to the intensity of the ordinary fluorescence spectrum, reaching maxima at

energies of about 78 and 81 eV, the peaks of the normal fluorescence spectra.

These features can be understood using the using the second order perturabation

theory for scattering presented in Chapter II and the energy level model of Figure 4.13.
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Table 4.4 The energy lose of photon in ZnSo.sSeo.s All in units of eV.

Reflected peak(eV) AE(center-center) AE(center-right side)

89.6 12.325 11.866

90.7 12.413 12.022

91.7 12.396 12.006

92.7 12.364 12.032

93.7 12.473 12.084

94.6 12.425 12.008

95.7 12.363 11.981

97.8 12.405 11.966

Ave. 12.39 12.00

CBCO

Exciton
Exciton

A
UVB

UVB

Znd

LVB

Fig 4.13 A proposed simple model
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The process producing the spectra is analagous to a Resonant Raman process in which the

scattering occurs through a real intermediate state. The electronic excitation producing

the energy loss of about 12.4 eV must be from the Zn d-bands located between the upper

and lower valence bands and a narrow exciton state located near the conduction band

edge. We note that theory requires that the energy difference is between the electron and

hole states in the final state of the second order process, so that the narrow exciton state is

not a core exciton, but a valence exciton in which a hole in the d-band binds an electron

in a localized orbital. Because the energy difference is associated with the final state of

the scattering process, the width of the observed spectra is not limited by the core-hole

lifetime which broadens the normal fluorescence spectrum. The influence of the core-

hole lifetime in the intermediate state does, however, influence the observed spectra by

causing the inelastic peak to be modulated according to the intensity of the broad normal

fluorescence spectrum. In essence, the energy uncertainly associated with the limited

core-hole lifetime, allows the resonant inelastic scattering to occur over an energy range

consistent with the imcertainty principle.

Several additional features of this example of inelastic scattering deserve

comment. The proposed explanation requires that their be a localized exciton state

associated with the hole in the d-band. The results present in the previous chapter

indicate that exciton effects are not observed in the sulfur L spectrum. This is consistent

with results obtained in other ionic systems, in which localized excitons are found to be

associated with the anion, but not the cation species. As examples, strong exciton effects

are observed in the boron K-spectrum, but not the nitrogen K-spectrum of BN, and are

observed in the metal, but not the oxygen K-spectra of many oxides. The physical origin

of this difference seems to be that the electron density in real space is greater near the
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cation species so that holes in inner shells are effectively screened and do not strongly

bond local states near the cation in ionic solids.

In addition to informing us about the physics of coherent processes contributing to

fluorescence from solids near threshold, these inelstic scattering processes provide a new

means of studying the lowest energy electronic excitations in solids, and especially of the

effects of screening on the processes that occur when an additional charge, in the form of

a core or valence hole is introduced into the system. In subsequent chapters, inelastic

scattering effects similar to those described here for ZnSSe will be presented for other

sulfur compounds.
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Chapter V

Zn(SSe) Alloys

A. Introduction

In this chapter, we describe measurements of the S L2 3 spectra of a series of

ZnSxSei.x alloys, where x = 1.0, 0.51. 0.31, 0.19, and 0.09. These spectra were excited

both with an energetic e-beam, and with photon energies well above threshold. Some

information is also obtained about the Se M2 3 spectrum which overlaps the S spectrum,

but it has not been possible to obtain a reliable separation of this spectrum from the much

more intense sulfur spectrum. In addition, we have measured the Se M4 5 spectrum

generated by transitions to the 3d3/2 and 3d5/2 core levels which provide a measure of the

(p+f)-like LPDOS at the Se site. This spectrum is also extremely weak so that useful data

was obtained only for the most Se rich alloy. None of the spectra reported in this chapter

were obtained at the ALS after the low energy grating was installed in the beamline there.

Consequently, insufficient intensity was available to acquire low noise spectra with the

best available instrumentation. Consequently, these results may best be used to suggest

directions for future, more definitive, studies.

In a previous paper on the AlGaAs alloys, we were able to obtain useful

information on changes in the position of band edges and to make comparisons with the

predictions of theory.[5.1,5.2] In the present alloy systems, such changes would be

expected to occur primarily in the upper valence band, which is poorly resolved in these

spectra, so that much less definitive information is obtained in the present studies. Even
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so, we will first summarize briefly some of the previous work on these alloys that give

context for these studies.

The Zn(S,Se) semiconducting alloy are used extensively in optoelectronic

applications including visible light converting devices, compact-disk players and writable

optical disk-storage systems.[5.3-5.6] The band gap for ZnSe is 2.62 eV, and 3.62 eV for

ZnS at 300 K°. The band gap for the alloy, and thus electronic properties relevant to the

optoelectronic applications, may be varied between these values by varying the value of

X.

Previous experimental studies of the Zn(S,Se) alloy system have focused on the

electronic band structure information for the states near the band gap edges[5.6-5.13].

These include excitonic luminescence, Raman scattering of exciton peak and its

broadening [5.6-5.9], edge emission and absorption[5.10], optical properties[5.12] and its

order/disorder properties [5.11].

Most discussion of AB^Ci.x alloy has been within the general framework of

Virtual Crystal Approximation (VGA).[5.14-5.15] This model treats the complex BxCi-x

as a virtual atom with an average potential of "(x)Vb +(1-x)Vc " on a lattice site, where

Vb and Vc are the potentials of atom B and C respectively. In this model, physical

properties, such as mass and bond-length are linear function of x, as illustrated by solid

line labeled with VGA in Fig 5.1, and electronic properties, such as band positions, band

widths, band edges, and band gaps are smooth quadratic functions of x. But recent

EXAFS experiments [5.16] have observed that two nearest-neighbor distances coexist in

some alloys, one to the AB bond and the other to the AG bond. Based on these results, a

new model with a bimodal bonds has developed for the zincblende system. The
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coexistence of two bond lengths in Zn(S,Se) was predicted. Fig 5.1 was calculated by

using published formula and parameters. The two dashed lines are for ZnS and ZnSe

respectively, a solid line for VCA model. Also, the reflectivity spectra of ZnSxSei-x have

observed distinct ZnS-like and ZnSe-like features in the conduction bands near edge

resulted from different potential of Vs(r) and Vse(r) [5.12]. Previous SXE studies of (Al,

Ga)As alloy have also shown results suggesting a bimodal distribution of bond lengths. [5.

1,5.2]

Some additional insights can be obtained from recently published electronic

structure calculation for the Zn(S,Se) alloys using the tetragonal cluster system AnB4-nC4

( n = 0, 1, 2, 3, 4) [5.18] on a mixed basis with all electrons. The unit cell of the cluster is

double-sized as compared to original ones and contains both the AB and AC in a proper

ratio. Therefore the cluster has the Bravias lattice structure of the end-point compounds

AB or AC. For n = 0, the double unit cell of the cluster Zn4S4 is reduced to standard two

ZnS in unit cells. For n = 4 and 2, they are reduced to normal ZnSe and ZnSo.sSeo.s

respectively. The results for ZnS, ZnSe, and ZniSSe are shown in Fig 5. 2.

B. Experimental results and Discussion

The soft x-ray spectroscopy experiments were performed at NSLS, ALS and

CAMD during the past two years. The preparation of ZnSxSei-x samples with x = 1.0,

0.51, 0.31, 0.18 and .09 was described in chapter III. The 600 1/mm, 300 1/mm and 1000

1/mm gratings were used in NSLS, CAMD and ALS respectively.

(1). The sulfur L2,3 spectra of alloy ZnSxSei-x.

Fig 5.3a depicts the e-beam excited, sulfur L2,3 spectra for alloy ZnSxSei-x with
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sulfur concentrations of x = 0.09, 0.18,0.31 and 0.51. Backgrounds have been subtracted

from these spectra and they have been normalized to incident flux and sulfur

concentration. In order to see them clearly, the scale factors labeled on the right side

were used. They are very similar in shape. The major features of these spectra have been

identified in previous chapters. The major peak centered near 149eV is the s-band

derived mainly from sulfur 3 s orbitals; the spin orbit splitting of this peak is marginally

better resolved in the photon excited spectra. The asymmetry in this peak is the result of

an unresolved spin-orbital split Li peak located 1.1 eV above Ls peak. Weak features

near 152 eV and 153eV are derived from Zn 3d orbitals which overlap onto the S site;

these are better resolved in the photon excited than in the e-beam excited spectra. The

broad structure centered near 157eV is a weak s-like component of the mostly p-like

upper valence band. In the e-beam spectra, there is a shift of the entire spectrum to higher

energies by nearly 0.4 eV as the sulfur concentration is reduced to x = 0.18. These

spectra have been remeasured on three occasions, and this energy shift has been

reproduced on each occasion, so that the shift appears to be a real effect. The FWHM

band width of s band in ZnSxSei-x was also observed to increase significantly at lower

sulfur concentration. In Fig 5.3b, the width of the major peak of the x = 0.8 spectrum is

clearly increased on both sides. On the lower edge of the main peak, the increase in

width is associated with the development of shoulder at about 145 eV and the

enhancement of the shoulder at 140 eV. These shoulders are almost certainly attributable

to the presence of the Se M2 3 spectrum underlying the S spectrum, both because the

increase with increasing Se content and because the Se 3p core levels at 166.5 and 160.7

eV bracket the S core levels at 163.6 and 162.5 eV binding energies and thus should

produce spectra bracketing the sulfur L2 3 spectra. A more quantitative
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measure of the relative intensity of S and Se spectra is provided in a later paragraph.

Utilizing photon excitation well above threshold and three of the ZnSSe samples

and a higher resolution spectrometer at the ALS, the sulfur L2,3 spectra in Fig 5.4a and

5.4b were obtained. They show a feature about 1 eV above the s peak, which seems to

grow in relative intensity with decreasing sulfur concentration. This feature is located in

the position expected for the major peak of the L2 spectrum. The apparent enhancement of

this peak may be in part an artifact generated by the strong noise present in the spectrum,

but also results from the general enhancement in this region of the spectrum generated by

the presence of the underlying Se M2,3 spectrum.

(2). The e-beam excited Zn M2,3 spectra is shown in Fig 5.5. These spectra were

normalized to incident flux, and printed with the multiplication factors on the right margin

to provide curves of similar amplitude. The structure peaking near 74 eV and extending to

approximately 77 eV is the second order of the S L2 3 spectrum. The spectrum peaking at

78.6 eV and 81.2 eV and extending to approximately 90 eV is the Zn M spectrum. The

Zinc M2,3 spectrum was discussed in previous chapter. It results from transitions to 3p

core levels at Zn site the peak separation is consistent with the spin orbital splitting 2.8eV

between the 3pi/2 and 3pi/2 orbitals in Zn and the intensity ratio is about 2:1. The peak at

92.2 eV in spectra with x = 0.09 is from carbon contamination. The weak peaks at 86.6

eV and 88.6 eV may be transitions from (s+p)-like state of the upper valence band.

Compared with sulfur s bands, the zinc M2,3 bands are much wider. Its FWHM is

estimated as ~5 eV from ZnSo.51Seo.49 spectra , which is much larger than the core level

lifetime broadening of 2.0 eV cited elsewhere plus the energy resolution of this system (~

0.2 eV).

81



700

600

500'4—>

'c^
C
<u

■i—>

•S 400
<u
>

O  300
a:

200

100

I  I I I I I I I I I ' ' I « I I I I I I I I
148.4

ZnSxSel-x

E(x)=340-402eV
10001/mm

ALS

x=1
X0.5

x=0.51 X10 ,

o>

t i l l

145

X=0..31 X2.3

150 155

E(eV)
160

(a) With photon energies above 340 eV.

Fig 5.4 S-L^ ̂  spectra of ZnS^Se^ ^ from photon excitation at ALS.

82



4
0
0

0
0
U
)

3 cf
o'

'r
T
o

•

g (D o-

o <-
l

X II C
L

p L»
i

B- <
1

4
^

0
> < T
S c
r
o o CJ f
l
X o o 1
3

•
 i
-
H

(
/
)

C (
U

0
)
> '■
O 13 p!
^

3
5

0

3
0

0

2
5
0

2
0
0

1
5

0

1
0
0

5
0

0
0

S 
L

2
.3

Z
nS

 &
Z

n
S

 
S

e
.5

 
.5

A
L
S

1
0

0
0

1
/m

m

E
(p

)=
17

4e
V

Z
n
S

.S
e

c
n

lO T
- 

CO CO in

Z
n
S

1
4

2
1

4
6

1
5
0
 

1
5
4

E
(e

V
)

1
5
8

1
6

2



8
4
0
0

0
0
4
^

31 CT
Q* L
n

(
D N a e
n

X
i n o a o i
-
h

N a C/
3

X

(
/
3
m n
> I c
r

C
D

C
D
X o
•

g.
.
o a

6
6
8
0

t
/
)

d

4
9
6
0

a
•

(
D
> 4
—
>

c
d ^
 32

40

1
5
2
0

-
2
0
0

Z
n
S
x
S
e
l
-
x

e
-
b
e
a
m

3
 K
e
V

6
0
0
 
I
/
m
m

N
S
L
S

Z
n
-
M
, 2

0
0

,3
c\
^

0
0

C\
J

C\
J

c
n

b/
x
=
o
0
9

x
=
o
.

X
=
0
.
3
1

X
=
0
.
5
1

X
=
1
.

x
l
.
O

6
0

7
0

'H
 
x
5
.
5

x
4
.
8

x
4
.
0

x
 2
.
0

8
0

E
(
e
V
)

9
0

1
0
0



Figure 5.6 shows the ratio of the peak height of S spectrum at 74.1 eV to that of Zn

spectrum at 78.6 eV. The relative intensity ratio of L2,3/M2,3 in Fig 5.6 were derived from

the second order L2,3 x ray and first order M2,3 x rays at above five sulfur concentrations in

Fig 5.5. This ratio is very nearly proportional to the sulfur concentration except at the

lowest value of x, where the measured ratio flatten, due primarily to contributions from the

Se-M spectrum. The peaks at 74.1 eV and 78 eV are used to measure sulfur and zinc

components of the alloy respectively. The relative intensity ratio of S-L2,3/Zn-M2,3 is a

smooth function of composition x with small curvature in Fig 5.6. The non zero value at x

-> 0 is due to the contribution of weak Se-M2,3 of ZnSe, which overlaps with S-L2,3

spectra in this energy range. The relative ratio of the two values at x = 1.0 (pure ZnS) and

X = 0.0 (pure ZnSe) gives a measure of relative intensity of Se M2,3 and S L2,3, about 8%.

(3). The Se M4,5 spectrum of ZnS0.09Se0.91 in Fig 5.7 was excited by a 3 KeV e-

beam and measured with the 300 1/mm grating at NSLS. This spectrum comes from x-

ray transitions to the 3d core levels at the Se site. The M4 is for transition to the 3d3/2

core level, Ms to 3di/2. The theoretical spectra shown on the same figure are the Se p-like

LPDOS taken from a calculation for pure ZnSe.[5.15]. The spectra are aligned to obtain

the best match between the experimental and experimental features. The origin of the

small peaks at 54.1 and 55.5 eV is not known, but they may be attributed with re-

emission from core exciton states in the band gap. The overall agreement between theory

and measurement is good except intensities at upper part of valence bands at 52.7 eV and

51.1 eV. Alloy sample and pure ZnSe have opposite trends in intensities at these two

peaks. The peak at 51.1 eV is strong in measured ZnS0.09Se0.91 sample while weak in

85



CO

cvf

I

c
N  0.8

CO

xn 0.6

o

0.4

0.2

—1—1 1 [—1—1—1—1—1—1—1—1—1—1 r

ZnSx Scj.x

-T-r I - 1 n I ' _

P

e-beam

.o'
-

-O'"
-

..o" _

- G-'

I  1 1 —1—1—1—1—1—1—1—1—1—1—1— 1  n 1 1—1 1 1—>—

0  0.2 0.4 0.6 0.8

Sulphur concentration x
1.2

Fig 5.6 Relative intensity of S-L2,3/Zn-M2,3 in alloy ZnSxSei-x from e-beam excitation.

86



90

80

70 -

C/3

S  60

(U
>
W

13

50

40

30

20
40

Theory
Se-p

45

in

o>

1. CM
in

r> k'

inin

'L , . /

I  I I

50 55

EeV

S-M 4,5
in ZnS Se

0.09 0.91

e - 3KeV

300 1/mm

60 65

Fig 5.7 The Se M4,5 spectrum of ZnS0.09Seo.91 by e-beam excitation.

87



pure ZnSe calculation. I believe that these deformed Se bands are due to the participation

of sulfur in alloy, as expected from Fig 5.2.

It is hoped that in the future, using the enhanced intensities now available at the

ALS, that these measurements can be repeated with near threshold excitation so that it

will be possible to separate the S and Se spectra and low noise spectra of the region of the

upper valence band.
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Chapter VI.

Chemical bonding and d interactions in transition metal sulfides

The sulfur-L2,3 spectra from MgS, M0S2, WS2, NiS, FeS, GaS and SnS have been

measured with soft x ray spectroscopy using both e beam and photon excitation to study

the participation of d electrons in the electronic properties of Transition Metal Sulfides

(TMS). The study is made possible by the fact that the metal d-electrons contribute to S

spectrum as we have previously seen in CdS and ZnS. MgS provides comparison with a

compound in which the metal atom contains two s, but no d electrons. M0S2 and WS2

are technologically important compounds involving the early transition metals for which

substantial experimental and theoretical studies are available. FeS and NiS are late

transition metal compounds that have been widely studied.. The ZnS and CdS samples

discussed in a previous chapter are representative of compounds with just filled d-shells,

and GaS and ZnS are compounds which border the transition region at higher atomic

numbers.

The only important contribution to the spectrum of MgS is the S 3s orbital, which

is present in very similar form in the spectra of all compounds presented here. M0S2 and

WS2 are interpreted primarily using molecular orbital theory. The use of photon

excitation near threshold permits us both to separate the L2 and L3 spectra as was done

with CdS and ZnS, and to study resonance effects that assist in the identification of the

orbitals contributing to the observed spectra. Strong correlation effects are seen in the
•  8 7

NiS and FeS spectra which produce widely separated peaks associated with 3d and 3d

states. For excitation near threshold, strong resonance effects are seen in both
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compounds. As we have seen, the filled d-bands of CdS and ZnS are non-bonding states

which lie in a sub-band gap between a lower valence band derived from the S 3s orbital

and the UVB. The failure of theory to properly place these states in the band gap provide

evidence that the rather subtle interactions of these d-states with other valence electrons

are not yet completely understood. Finally, for GaS and SnS, the d bands do not

contribute significantly to the spectra, though a very weak feature is observed in GaS that

may be associated with overlap transitions from Ga d-states.

A. Introduction

Sulfur is abundant on the earth and easy to combine with transition metal

elements to form XS, XS2, X2S3 and other complex materials with a variety of lattice

structures. These materials provide us rich resources and have many interesting electric

and magnetic properties. For example, in the 3d series, FeS acts as a normal narrow gap

semiconductor; its neighbor, CoS is a ferromagnetic material; NiS is an insulator with a

metal-nonmetal phase transition at 260K°; Copper pyrite (CuS) is metallic with a metal-

superconductor transition at low temperature; and ZnS is a wide gap semiconductor.

These properties are quite different even though these compounds belong to the same 3d

TMS series

These materials are interesting not only for their wide range of properties, but also

for their applications [6.1-6.2]. CdS, M0S2, WS2 are among the best known solar cell

semiconductors because these sulfide materials have proper energy gaps to convert

visible light to electrical energy with reasonable converting efficiency [6.1]. Their

electronic properties are still incompletely explored. Some sulfur compounds and metal-

sulfur complexes play key roles in biological materials. Many of the structures used in
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quantum well structures and studies of quantum confinement utilize TMS elements.

Despite these features, relatively little attention has been given to the electronic properties

of these materials until very recently.

These varying properties of transition metal compounds are conditioned by the

number of electrons, n^ (1< n^ <10), in the open d shell and their correlations in solids.

Previous studies of TMS show properties which may be best described with independent

particle, ie. band structure, models, and others that may be best described with strong

correlation models such as the crystal field multiplet model, or Mott-Hubbard model (see

chapter II). TMSs provide a good system to study these many body correlation in solids.

Both theoretical and experimental studies of d electrons in transition metal

compounds have been reported [6.3-6.11], but the picture is still not very clear now.

Here are some of the issues: The locations of d bands in CdS and ZnS are much deeper

in the sub-band gap than predicted by theory indicating that the s-d and p-d interactions

in these materials are not fully understood [6.10] Chemical bonding in NiS has been a

subject of long controversy. The well known Mott-Hubbard model, with strong d-d

interactions, successfully accounts for chemical bonding in early transitional metal

compoxmds involving Ti, V and others, and predicts that NiO has d-d type bonding, while

the photon emission experiments on NiO indicate a charge transfer type band gap. [6.12-

6.16] Previous studies of Cu, Ag, Ga and In compoimds[6.9] have shown various d

interactions and chemical bonding in TMS.[6.9]

In qualitative terms, we can say that the deep lying S 3s state, whose spectral peak

is found with essentially the same energy position and intensity for all compounds, does

not contribute significantly to the bonding. The bonding states are derived from the S 3p

(partially filled) and S 4s (empty) and TMns (filled), TM(n-l)d (partially filled) and TM
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np (empty) states. In chemical language, the bonding is associated with the frontier

orbitals derived from these states, and the contribution of the d-orbitalas is conditioned

primarily by its location within the valence band with respect to these orbitals. The

bonding can be described in terms of d-d, d-p, s-p and s-d interactions[6.13].

Previous studies are reported for NiS [6.2, 6.12-6.21], M0S2 [6.22-6.34], WS2

[6.33,6.35-36], FeS [6.2,6.20-27, 6.37-6.41], GaS [6.42-6.45] and SnS [6.46-6.50]

B. Results and Discussion.

The samples studied were mostly commercial powdered samples with the

following characteristics: MgS (99%, 1 micron, cubic); MoS2(99%, 1 micron. Hex.);

WS2(99.8%, 1 micron. Hex.); FeS(99.9%, 100 mesh. Hex.); NiS(99.995%, 100 mesh,

Hex.);and SnS( 99.5%, 8 mesh, Orthorhombic). The powders were pressed into pills by a

few tons of pressure before loading. The GaS (Hex.) was a 6mm sample with a shiny

surface. Since these materials have been measured over a substantial period of time,

results from the NSLS, CAMD, and the ALS are all presented here, along with spectra

excited by both energetic electrons and photons. Spectra obtained from each of the

materials are presented first along with descriptions of their principal features. The

results are then further discussed as a whole.

MgS

The S L2 3 spectrum of MgS is presented in Figure 6.1. The spectrum was taken

at the NSLS with the experimental apparatus described in Chapter 11. The spectrum

presented here was excited with a 3 KeV e-beam at a beam current < 0.4 mA, and

recorded with the 1200 l/mm grating of the SXE spectrometer. The pressure during data
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acquisition was approximately 7 x 10'^ torr. Also plotted in Fig. 6.1 is an sulfur K-

spectrum [6.52] and a calculated total density of states (TDOS) [6.51,6.53] taken from the

literature.

The primary feature of the S L spectrum in this compound is the large peak

located at 148.5 eV. This peak is associated with the lower valence band, which can be

understood as a broadened atomic 3s state. The spectrum is further broadened by the

splitting of the S 2p core levels, and by core hole and valence hole lifetimes. The

intensity of the spectrum in the region of the upper valence band is very low and in this

spectrum is not separable from the noise. In contrast, the S K spectrum shown in the

figure, which provides a measure of the p-like density of states at the sulfur site,

coincides accurately with the upper valence band, consistent with the fact that the UVB is

derived from the S 3p states.

In semiconductors with mixed ionic/covalent bonding like those formed from the

third row of the periodic table, the intensity of the L spectra in the region of the upper

valence band provides a measure of the covalent bonding, being strongest in covalently

bonded Si, much weaker in the P-L2,3 spectrum of AlP and almost zero in highly ionic

MgS.

M0S2.

Figure 6.2 shows the S-L2,3 spectrum of M0S2 excited with 172eV photons at the

ALS light source. Very similar spectra have been measured by us at CAMD with higher

energy photon excitation, and by others with excitation by energetic electrons. This

spectrum is a convolution of the L2 and L3 edges. As in CdS and ZnS, it is possible to

obtain a pure L3 spectrum by exciting between the L2 and L3 threshold. The spectrum Fig
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marked L3 was obtained in this way with excitation by 163.2 eV photons. Other near

threshold spectra are described in subsequent paragraphs. We have plotted on the same

figure an e-beam excited S-L23 spectrum taken by Aita[6.30] an XPS spectrum [6.22],

and a calculated fit to the sulfur L spectrum [6.30].

In Figure 6.3, we plot the absorption spectrum of M0S2 at the sulfur L edge

obtained by measuring the ratio of the integrated photon flux in the S L SXF spectrum to

the incident photon flux as a function of photon energy. The incident energy was stepped

at 0.2 eV intervals and the total SXF yield recorded. This SXF yield provides a measure

of the absorption due to excitation of the S 2p core levels. So long as normal two step

excitation/deexcitation processes govem the fluorescence yield so that the radiative and

non-radiative processes maintain a constant ratio, this absorption curve should be

essentially the same as that obtained by measuring the photoyield. This "pre-edge"

spectrum is, in fact, very similar to the photoyield curves of Didsiulis et al.[6.22] In both

cases there is a small, structured absorption region between 162.5 and 166.5 eV below the

main threshold at about 167 eV. We argue below that this small absorption feature is

associated with localized absorption resonances derived fi-om an empty Mo4d and S3p

orbitals (2e' and 2e" in molecular orbital theory). The main absorption above 167 then

corresponds to excitation into delocalized conduction band states derived from S3p and

Mo5s and Mo5p atomic orbitals.

In Figure 6.4, we display SXF spectra for excitation near threshold. These spectra

are normalized to incident flux so that the total area in the spectra are proportional to the

amplitude of the absorption curve of Figure 6.3. The narrow high energy peak is the

elastic peak, whose energy directly indicates the energy of the incident photons on the

energy scale of the SXE spectrometer. This elastic peak has two absorption maxima, one
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at the position of the 163.2 eV very near the onset of absorption, and the second at 167

eV, just at the onset of the second absorption threshold.

The SXF spectra extend from about 145 to 161 eV. Their overall spectral

intensities show two resonances, the first in the region of the "pre edge" absorption peak

and the second above 167 eV. The curve presented here at 163.2 eV is that used to define

the L3 spectrum of Figure 6.2. Careful study of the curves in the threshold region

indicate that there is a very strong resonant enhancement of the spectra in a very narrow

region just at threshold. In the absorption spectrum, this is the small peak at 162.8 eV for

the L3 threshold and the peak at 163.8 eV for the L2 spectrum. This assignment is

confirmed by the emission spectra by fitting the S3s peak with two peaks having the

shape of the L3 spectrum and separated by 1.15 eV. The L2 and L3 intensities determined

in this way are plotted in Figure 6.5a for an excitation energy of 165 eV where the

contribution of both spectra are nearly equal. In Figure 6.5b, the L3 and L2 are plotted as

a function of excitation energy. Clearly, there are at least two resonances in this region

that turn on first for the L3 and then for the L2 spectra.. At 166.5 eV, just below the major

absorption threshold, both spectra have fallen to nearly zero. At the second threshold, the

L3 and L2 spectra turn on again in order and eventually approach the 2/1 ratio expected

for excitation in regions where sharp absorption resonances are not present.

While the SXF spectra indicate the presence of at least two resonance features in

the "pre-edge" region, the absorption curve of Figure 6.3 provides more detailed

information. Below 161 eV, the structure in this curve is associated with scattered

exciting light reaching the SXE detector. The structural features above this energy are

true absorption features that are reproducible. This curve has at least six peaks visible

between 161 and 167 eV. A sharp absorption peak less than 1 eV wide, and centered at
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163 is associated solely with the L3 spectrum. At higher energies, contributions from

both spectra are present. The presence of six peaks indicates that there are three

absorption maxima for each of two core levels giving a total of six peaks in the

absorption spectra. The first absorption peak is very sharp and separated from the

second and third, which appear to be broader and overlapping. A similar conclusion was

reached by Didsiuilis et al in their analysis of photoabsorption data obtained from

photoyield measurements in the pre-edge region. Inverse photoemission measurements

which provide a measure of empty state density have been interpreted in terms of two

resonances with a separation of about 1.2 eV located in the region just above the Fermi

edge.[6.33]

Efforts have been made to fit M0S2 spectra using both band structure and

molecular orbital models. Simunek and Wiech used pseudopotential calculations, in

which various parameters were adjusted to obtain the results shown in Figure 6.2. To aid

in the interpretation of the spectra, their calculated densities of states were then projected

onto s,p,d Gaussian orbitals of Mo and s and p orbitals of S. These projected orbitals

were then used to calculate the transition matrix elements used to fit the spectra. Their fit

to the L2,3 spectrum and the sulfur s PDOS from which it is derived, is shovm in Figure

6.2. It should be noted that this density of states is not associated with the S3s state, but

represents the contributions of other orbitals, predominantly Mo4d orbitals, that siun to

produce electronic density with s-like symmetry at the S site.

Most other authors have used molecular orbital calculations to obtain insight into

the observed spectra. Essentially the same model has used to interpret data at both the

Mo4p and the S2p absorption edges. The general scheme is shown in Figure 6.6 and
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shows the MOs derived from interactions of the Mo 4d, 5s, and 5p orbitals and the S 3p

orbital.[6.22] The MO diagram is based on an MoSs trigonal prism,

Mo-3p ~ V
\

Mo-3s -

\

y

Mo-4d ~

a", e'

2e"
2e'

2a'
1e'

1e'
IsT'

S-3p

S-3s

Fig. 6.6 MO orbitals of M0S2,

which represents one-half of the M0S2 unit cell. Symmetry considerations for the 03^

point group show that the Mo 4d orbitals can mix into MO's having a,', e', and e"

symmetries, while the Mo 5 s orbital must mix into af and the Mo 5p level will mix with

a," and e" MOs. Of particular interest in this model are the 2e' and 2e" MOs which are

derived from empty Mo4d orbitals and have been identified with the resonant absorption

features detected found in the "pre-edge" region. While suggestive, these MO

calculations are not adequate to account for our results, which indicate the presence of at

least three absorption peaks in the "pre-edge" region.
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The threshold spectra of M0S2 do not provide convincing evidence that the one-

step inelastic scattering processes like those present in the Zn M2^3 spectra of ZnS

contribute to the sulfur L spectra of M0S2. The resonance effects we see are all consistent

with resonances in the absorption process only, in that the intensities of S3s peak and the

upper valence band (UVB) region of the emission spectra rise and fall together. We see

some evidence in the spectra that the relative magnitudes of peaks in the UVB change

with intensity, especially near the strong elastic resonance visible in the 169.6 eV

excitation energy spectrum. Such changes would be evidence for the contribution of

inelastic scattering processes similar to those seen in the upper region of the Si spectrum.

The noise in the spectra and the complications of absorption resonances in L3 and L2

spectra make it impossible to definitely confirm such changes of relative peak heights and

shapes from the present data.

WS2

In this section, we present emission and absorption spectra for the sulfur L2 and L3

edges. The results are found to be very similar to those observed in the very similar

M0S2 compounds. Both materials are layered compounds with essentially identical

hexagonal, in-plane geometries, but have somewhat different stacking sequences. Most

of the comments made above for M0S2 are equally applicable to WS2.

Figure 6.7 shows the S-L2,3 spectrum of WS2 with 184eV photon excitation at

ALS. The S-L2,3 spectra of M0S2 under the same experimental condition are included for

a comparison. WS2 was found very easy to excite and its S-L2,3 x-ray intensity is higher

than that of M0S2 For convenience, these two spectra were normalized to the same
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height at the S3s lower valence band peak. The two spectra are very similar in shape.

The sulfur 3s band in WS2 has the same location with M0S2 but has a little larger width at

the low energy edge of the peak. The upper valence band is clearly separated into four

peaks at 156.1 eV, 157.2 eV, 158.4 eV and 159.9 eV and a hint of a fifth at 162 eV.

Relative to the 3s band, the upper valence band in WS2 is stronger than that in M0S2; the

lowest peak of the upper valence band in WS2 is shifted down by 0.26 eV as compared to

that in M0S2.

The absorption spectra of WS2 is presented in Figure 6.8. Like M0S2, it has a

"pre-edge" feature between about 161 eV and 166 eV followed by a strong increase in

absorption above about 166 eV. The pre-edge feature is not as completely separated jfrom

the main threshold as in the Mo compound. Four peaks, plus a shoulder are resolved in

the pre-edge region. Electron energy loss spectra (ELS) [6.33] indicate the presence of

two localized states separated by about 1.4 eV in the same region just above the Fermi

level. XPS spectra of WS2 [6.35] show similar features in the region of the upper valence

band.

In Figure 6.9, we present threshold spectra obtained at the ALS for WS2. At the

lowest energies, only the L3 spectrum is present. Figure 6.10 compares the L3 spectrum

obtained with 163.2 eV excitation with the L23 spectrum obtained with 171 eV

excitation. At slightly higher energies, the L2 excitation dominates the spectra just above

its threshold. As with M0S2, the S3s peak was analyzed for the relative contribution of

L3 and L2 levels. One of these fits is shown in Figure 6.11a. The relative spectral

amplitudes determined in this way are plotted as a function of energy in Figure 6.1 lb.

To our knowledge, band structure calculations for WS2 with projected densities of

states suitable for comparison with x-ray spectra are not available in the literature. The
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same molecular orbital theory used in for M0S2 is also applicable to WS2, but at best can

provide a qualitative interpretation of spectral data.

NiS and FeS

Of all of the spectra discussed in this dissertation, these are theoretically the most

complex. The essential problem is that strong d-d Coulomb interactions, which are not

properly accounted for in band structure calculations, play an essential role in the

interpretation of the data. Fortunately, the essential features of the explanation of the NiS

spectra have been given in a paper by Zaanen, Sawetzky, and Allen, who treat the TM4d

electrons as an impurity atom in a host band structure derived from the S3p and TM4s

and TM4p electrons.[6.14] The d-d interactions and the atomic term splittings are then

accoxmted for, as well as the interactions between discrete and continuum states. No such

explicit calculations are available for FeS, but the qualitative characteristics of the spectra

are very similar to those found for NiS, modified by some very interesting additional

structure.

Fig 6.12 shows the sulfur L2,3 spectrum of NiS taken at the ALS with 184eV

photon excitation. Also plotted on the figure are an XPS-spectra taken with photon

energy of 1253eV and an inverse photoemission spectrum taken with 1486eV electrons.,

BIS-spectrum [Allan, Zaanan, Sawatzky - 6.14] of [6.16]

The theoretical curve is taken from the calculation for NiS cited above [6.14].

The solid line in the calculation corresponds to a photoemission spectrum where there is a

hole left in the d-state after emission. The dashed spectrum is calculated for inverse

photoemission which adds an electron to an empty state above the Fermi level. The

labels on the peaks indicate the origin of the structural features. The lowest peak, as
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usual is the S3s peak. The peak centered at 153 eV is the 3d' d-band and the higher

peak, extending to the Fermi edge is the 3d^L charge transfer peak, where L represents a

hole on the S3p valence band. An electron above the Fermi level fills a 3d^ state.

We note that the two d-related bands are broad, and that the 3d' band is

asymmetric, with an indication of a shoulder on its high energy edge. The broadening

and asymmetry are indications of crystal field splittings that are not accounted for in the

theory of Zaanan et al. As we shall see below, the sub-structure of these two major peaks

is much more prominent in NiS.

In Figure 6.13a, we plot sulfur L spectra of NiS excited near threshold. These

spectra were taken at CAMD with poorer resolution of the exciting light than at the ALS.

The major feature to be noted is the S3s peak turns on before the d-band related peaks;

the d-bands only appear with higher energy excitation This point is demonstrated

explicitly in Figure 6.13b, which plots the relative magnitude of the S3s, and dl and d2

peaks as a function of excitation energy. Also plotted in 6.13b is an absorption curve for

the S2p threshold. [6.21] FeS discussed below shows similar behavior.

In Figure 6.14, we plot the photon excited sulfur L spectrum of FeS. In this

spectrum, the S3s spectrum is artificially narrowed on its low energy edge by the cutoff

of the spectrometers detector. The remaining two peaks are the analogues of the similarly

located peaks in the NiS spectra and are labeled as 3d^ and 3d^L because Ni has eight d

electrons in the neutral atom, while Fe has only six. The major qualitative difference

between the NiS and FeS spectra is that FeS has clearly resolved peaks in both d bands.

A three peak structure is clearly resolved in the lower energy d-band. In the higher d-

band, the, a central peak and two shoulders are barely resolved.
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In Figure 6.15a, we plot the sulfur L spectra of FeS excited near threshold. These

spectra have many interesting features. As with NiS, the S3s peak appears at lower

excitation energy than the d-bands. In these spectra, it is very clear that structural

features of the d-bands do not turn on an off uniformly as the excitation energy is varied.

All of the peaks within the d bands remain fixed in energy position, but their relative

magnitudes are strongly modulated as the excitation energies are increased. In Figure

6.15b, the relative peak intensities are plotted as a function of energy along with an

absorption curve taken from the literature.[6.20] We note that the behavior shown here is

dramatically different from M0S2 and WS2, where all spectral features appear to turn off

and on in unison depending only on the rate of core hole creation. The first absorption

peak in absorption curve is a exciton state of d band. At least one more resonance at

172eV in NiS, and three more resonances,at 169eV, 175eV and 181eV in FeS, are

presented in these pictures. These are derived from resonant absorption and emission

between 2p core levels and subbands in conduction bands with s/d characters.

Further comments on the NiS and FeS spectra are included in the discussion

section below. However, ideas that might provide a suitable theoretical explanation for

the threshold spectra of NiS and FeS are presently under discussion, so that our

conclusions will be tentative pending further experimental and theoretical studies.

GaS and SnS

The sulfur L2,3 spectra of GaS were measured using 3 KeV e-beam excitation and

the ALS SXE spectrometer The spectrum is presented in the Fig 6.16 along with a

theoretical calculation from the literature [6.43], an experimental S-Kp spectrum and an

XPS spectrum dominated by the Ga3d states [6.42]. The main feature at 148eV is the
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usual sulfur 3s orbital. The upper valence band is derived primarily from the S3p orbitals

as indicated by the intensity of the S K spectrum in this region. The feature at 154 eV,

which extends to the top of valence band at about 160 eV provides evidence for weak

covalent bonding in this system. A very weak should is found at about 5 eV below the

S3s band at the energy position of the d states, which may result from weak crossover

transitions from the Ga d states to the S 2p core levels..

The sulfur L2,3 spectrum of a-SnS is shown in Fig 6.17. It was measured using 3

KeV e beam excitation at the ALS. For comparison, a total density of state calculation

from the literature [6. 47] is plotted on the same figure.. The main feature at 148.4 eV is

the usual sulfur 3s orbital. The peak at 153.7 eV, about 5 eV higher, is at the position of

the Sn 5-s orbital. The long tail of upper valence band extends to the upper edge of

valence band at about 160 eV. No evidence of emission from Sn d states are observed in

these spectra.

C. Discussion.

Figure 6.18 plots the sulfur L spectra for all of the materials discussed in this

chapter together with ZnS and CdS spectra from Chapter IV [6.10]. The d bands are

marked on each spectra. These spectra contain many interesting features. The S3s state

is very similar in every spectra, and contributes little to the bonding. In all of the TMS

spectra, the TM d-states interact strongly with the S 3p states in the region of the UVB.

Most of the spectra, with the exception of NiS and FeS, can be accoimted for qualitatively

with one-electron theory, so that band structure calculations can provide a fairly adequate

description of the observed emission spectra. In NiS and FeS, d-d interactions have the

dramatic effect of generating two d-bands, whose energy state differ depending on
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whether the valence hole in the final state is located in a localized d-orbital, or in a

distributed UVB state.

The d-d interactions displayed so strongly In the FeS spectra seem to provide the

best explanation for the displacement of d-bands in CdS and ZnS from the position high

in the subband gap calculated by band theory to several eV lower energy. The energy

shift then represents the difference in energy between d'° neutral states and d' final state

of the SX emission process. It also seems probable atomic term splittings may account

for the doubling observed in the d-bands of these materials.

These observations suggest that an adequate description of the SX spectra of the

TMSs will have to be developed along the lines of the treatment of NiS by Zaanan et al.,

in which the d-electrons are treated as part of an impurity atom in a s/p host lattice.

In the absorption spectra, for most of these compounds, there is a strong evidence

for localized states just above threshold which produce resonant absorption effects in the

spectra. These states can most appropriately be thought of as localized excitonic states

derived from the d"^' states of the TM d-bands. Again, an atomiclike treatment of the d-

electrons seems to provide the best possibility for accurately treating localization and

correlation effects.

The results reported here have demonstrated a rich variety of electronic state and

bonding behavior in these sulfur compounds, and indicate that further studies are needed

to develop a coherent picture of the S compounds. In particular, it would be desirable to

measure spectra of the TMs to complement the S spectra presented here. It would also be

desirable to have measurements of the S K spectra to provide information on the p-like

density of states. These spectra, located at about 2.47 KeV are beyond the range of our

current instrumentation, but can be undertaken through collaborations with others.
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Finally, it would be useful to study additional materials, particularly compounds

involving the early transition metals, and sulfides with different crystal structures and

different valencies. For example, it would be useful to study FeS2 as well as FeS. There

are also many opportunities for useful studies on alloys with the improved capabilities of

the ALS facility. Many of these studies are planned for the near future at the ALS and

CAMD.
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